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E le ct r i c  
appl i cat ions a r e  
I NTRODUCTION 
vehi cles des igned fo r ag r icultural 
one means fo r the Uni te d  States and fo r 
Un ited States ag r icul ture  to reduce dependence on pet roleum 
fuels . E l e ct r i c vehicles can be used to complement the 
pet rol eum powe red vehi cles al ready in use by add i ng ene rgy 
flexib i l i ty to a farm ope r at ion , whi le  r educ i ng dependence 
upon and use of pet rol eum . Elect r i c  farm veh i c l e s  may also 
improve ag r i cultu ral energy eff i c iency , reduce . farm 
ope rat ing cos t s , and improve farm ope rato r convenience . 
Elect r i c vehicles are techn i cally and economi cal ly 
p roven fo r many spe c i al i z ed appl icat ions , and resea r ch is 
cont i nu ing to develop elect r i c vehicles s u i table fo r othe r 
appl i cations .  ·Batte ry energy dens ity ,  wh ich res t r icts 
ope rat ing range , and the highe r init ial co s t  of elect r i c 
vehicles ,  whi ch requ i res intens ive ye a r - round usage to 
j us t i fy inves tment co sts , have l imited e l e ct r i c vehicle · 
appl i cat ions . Howeve r ,  indus tr ies throughout the wo rld have 
been us ing elect r i c vehicles fo r seve ral de cades in 
appl i cat ions whe re these l imi tat ions a re offse � by one o r· 
mo re o f  the fol lowing advantages of elect r i c vehicles : lowe r 
· Note : Re f e r ence to a manufactu r e r  does not imply any 
endo r s ement o f  that company or its product s by the autho r o r  
by the Ag r i cul tural  Eng inee r ing Depa r tment o f  So uth Dakota 
State Un ive r s i ty . 
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l i fe cycle co s t s  due to lowe r ope rat ing �o � t s  and longe r 
vehicle· l i fe , f ew.e r  no i se and exhaust po l l ut i on problems , 
and improve d mechani cal s impl icity and du r ab i l i ty .  Elect r i c 
vehicles a r e  in  widesp read use fo r mate r ials  handl ing , 
del ive ry ,  min i ng , pe r sonnel t ranspo r t , lawn and garden ca re , 
recreat ion , and a i r c raft towing appl i cati ons . 
The E l ect r i c  and Hyb r i d Vehicle Act o f  1 97 6  mandated 
that the Un i te d  States Depa rtment o f  Ene r gy implement a 
res ea r ch ,  development and demons t ration prog ram fo r elect r ic 
vehicles . Thi s  act was intended to s t imu l ate the ele·ct r ic 
vehicle indus t r y  to make elect r i c vehi cles a practical 
t ranspo r tat ion alte rnative . Elect r i c road veh i cl es · have 
found only l imi ted acceptance , due ma inly to inadequate 
travel ing range between battery cha r ges . Howeve r ,  the 
resear ch suppo r te d  by the Depa rtment of Ene r gy has improve d 
elect r i c vehi cle technology , which may l ead to incr eas ing 
acceptance o f  e l e ct r i c  t ranspo rtat ion vehi cles . 
The Un i te d  States Depa rtment o f  Ag r i culture  in 1 9 7 9  
conducted a s t udy of the feas ibi l � ty o f  e l e ct r i c vehicles in 
ag r i cul tu r e , as pa r t  o f  the Depa rtment o f  Ene rgy elect r ic  
vehicle prog ram . Resea rche rs from six  unive r s i tie s ,  
incl uding . South Dakota State Un ive r s i ty ,  concl uded that 
elect r i c vehi cle t echnology was at the stage whe re elect r i c  
vehi cles we re comme rc ial ly feas ible fo r sel ected farm 
appl i cat ions ( Ch r i s t i anson , et  al . ,  1 9 8 1 ) . These . 
resea rche r s  also recommended the development o f  a prototype 
elect r i c t ra ct o r  f o r  test ing and demons t r at ion . 
The Nat i onal Ru ral Elect r ic Coope rat i ve 
pa r t ially funded a p r o j ect at South Dakota State 
fo r deve lopment of an elect r i c  t racto r in  1 9 8 3 . 
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As sociat ion 
Uni ve r s i ty 
The goal s 
of this p r o j ect we re to bu i l d ,  demonst rate and evaluate a 
batte ry-powe red farmstead cho r e  t racto r whi ch wou l d  lead to 
a comme r ci a l l y  produced and widely accepted vehi cl e . Three 
maj o r  results we re  expected f r om the wo r k : 1 )  test results 
and analyses to ve r i fy the. feas ibi l ity o f  fa rmstead el ect r i c 
vehicles and to indi cate some o f  the p roblems and 
l imi tat ions encounte red dur ing actual use , 2 )  a vehicle  to 
demonst r ate the concept of eiect r i c veh i cles to f a rme r s  and 
to farm equ ipment manufactu rers , and 3 )  des i gn info rmation 
fo r an elect r ic veh i cl e  p rototype whi ch co u l d  be u sed to aid  
the comme r ci al development o f  elect r i c  farm veh i c les . 
Des i gn o f  this t racto r , the El ect r i c Cho remas te r ,  was 
a team endeavo r .  As a membe r of the des i gn g roup, this · 
autho r ' s  respons i bi l i t ies we re to : cont r i bute to the 
vehicle des i gn c r iter ia; review and evaluate powe r t rain 
components; s i z e , select , and supe rv i se the -in�tal lation of 
moto rs and d r ive t rain . components; ·and pe r f o rm the f i r st 
·phase o f  tes t ing. and eval uat ing the compl eted p rototype . 
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Thi s  thes i s  repo rts on the deve lopment of the 
Elect r i c Cho remaste r and can se rve as a g u i de f o r  futu re  
development s  o f  ag r i cultural elect r ic  veh icles . Speci f i c  
obj ect ives o f  the research r epo rted in  thi s thes i s  we re to : 
1 )  de scr ibe the des ign p rocess used fo r development 
of the E l e ct r i c  Cho remaster , 
2) deta i l  the powe r t ra i n  des ign fo r the El ect r i c 
Cho remast e r , 
3 )  eva luate the _pe r fo rmance o f  the Elect r ic 
Cho remaste r as compa red to a convent ional d i esel  t ractor , 
and 
4 )  inves t i gate the effects of batte ry tempe rat ure 
and state o f  batte ry cha rge on vehicle pe r f o rmance . 
REVIEW OF L ITERATURE 
Feasibility Qf electric vehicles in agriculture: 
5 
Throughout this cent u ry , the Uni ted States has 
become increas ingly dependent upon pet ro l eum fuel s . By 
1 9 7 0 , app r o ximately 7 5 %  of the ene rgy use d in t he Un i ted 
States was obtained f rom pet roleum fuel . The Arab o i l  
emba rgo o f  1 9 7 3  and the o il sho r tages in 1 9 7 9  provide 
examples  o f  the consequences of dependence upon pet roleum .  
Agr i cul t u r e  in  the Un ited States has become pa r t i cu�a r ly 
dependent upon pet rol eum fuels . Ame r i can ag r iculture  uses 
only- three pe r cent of the nat ional total ene r gy cons umpt ion , 
but the ma j o r i ty o f  the ene rgy used in  ag r i culture  is  
obtai ned f rom pet roleum fuels . A sho r tage o f  pet r o l eum .at a 
c r i t i cal t ime · in the c rop g rowing season co uld be 
devastat ing· to farm product ion . It is c r i t i cal  that the 
ene r gy requ i red in ag r i culture i s  received at the t ime it is  
needed , i f  product ion eff i c iency and product qual i ty a r e  to­
be ma intained ( Pa r k e r , 1 9 8 1 ) . 
The o i l  s ho rtages o f  the 1 9 7 0 ' s  s e r i o u s l y  af fected 
t ranspo r tat ion bus ines ses , which acco unt fo r one- fou r th of 
Un ited States o i l cons umpt ion . This spu r red e f fo r ts _to 
-develop mo r e  e f f i cient vehicles , and to develop vehicles 
powe red by alte rnat ive ene r gies such as e l ect r i ca l  ene rgy . 
At the tu rn o f  the centu ry elect r i c  veh i cles dominated the 
se l f-p rope l l ed vehicl e  ma r ket . · . Sy 1 9 1 2  nea rly 3 4 , 0 00 
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elect r i c ca r s  we re reg i stered in the Un ited States , and 
sco res of elect r i c· t rucks and comme r c i al veh i c l e s  we re in 
use ( Shacket , 1 9 7 9 ) . Howeve r ,  as pet r o l e um fuels  became 
readily ava i labl e , gaso l ine-powe red vehi cles  became mo re 
popu l a r  and elect r i c vehicles we re g r adua l ly phased o ut . As 
pet roleum r e s e rves a re becoming l imi ted , ele ct r i c vehi cles 
are once aga in rece iving publ ic  attent ion fo r t ranspo rtation 
pu rposes . 
The Elect r i c and Hyb r i d  Veh i cle Resea rch ,  
-
Development and Demonst rat ion Act of 1 9 7 6  mandated that the 
Un ited States Depa rtment of Ene rgy conduct a program to 
s uppo r t  the elect r i c vehicle  industry ( USDOE , 1 9 8 3 ) . Thi s 
prog ram was intended to help develop e l e ct r i c vehi cle 
techno logy so that elect r i c vehi cles woul d be accepted as a 
pract ical means o f  t ranspo r tation . Thi s  program has 
cont r ibuted s ubstant ially to the development of elect r i c  
vehicle techno lo gy ,  but · elect r i c road vehicles  have found 
only l imi ted acceptance , due to l imited range , sl uggish 
pe r fo rmance , and h igh pu rchase pr ices . The ma in pe r f o rmance 
l imi tat ions a r e  inadequate ene r gy dens ity , powe r dens i ty and 
l ife of batter ies , accentuated by the h igh co sts of  
batte r i es , · moto rs , cont ro l s  and othe r components ( Secunde , 
et al . ,  1 9 8 3 ) . 
The batte ry pack i s  the most l imi t ing component of 
the. elect r ic  vehicle powe r train , due to the low ene rgy 
dens i ty . Ene r gy dens i t ies and conve r s ion e f f i c i encies of 
7 
pet ro l eum fuels and elect r i c  vehic l e  batte r i es are 
compa red in  Table 1 .  Despi te the bette r ene r gy conve rs ion 
e f f i c iency of t he e lect r i c vehicle , a l a r ge batt e ry mas s  is 
requ i red to provide the ope rating t ime and range o f  an 
equ iva lent s i z e , pet roleum-powe red t racto r . Nea r ly 8 5 0 0  kg  
o f  indus t r i al l ead-aci d  batte r ies  are neede d to provide the 
ene r gy ava i lable i n  one tankful ( 1 0 0  L )  o f  gasol ine . The 
elect r ic vehi cl e is fu rthe r l imi ted because a gasol ine 
t racto r may be re-fueled �n a matter  o f  m i nutes , whereas 
batte ry cha r g i ng takes seve ral hou r s . 
TABLE 1 .  Compa r i son o f  fuel ene r gy dens i t i e s  ( Al co ck , 1 9 8 5 ) . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
Fuel 
Sou r ce 
Gasol i ne 
Diesel 




Lead-Aci d  
Batte ry 
Ene r gy 
Dens i ty 
( MJ/ k g )  
4 4 . 2  
4 3 . 0  
0 . 1 0 8  
0 . 1 4 8  
Conve rs ion 
Eff i ciency 
0 . 2 0 
0 . 2 6 
0 . 7 2 ( 2 )  
0 . 7 2  ( 2 )  
Equ ival ent 
Mas s  ( 1 )  
( k g )  
1 
0 . 7 9 
1 1 4 
8 3  
( 1 )  : Mas s nece s s a ry t o  supply ene r gy in 1 kg  o f  gaso l ine . 
( 2 ) : Ass umes controlle r · _efficiency=0 . 9 5 ,  moto r e ff . =  0� 8 0 , 
( Edi e ,  1 9 8 1 )  and gea r reduct ion eff • . = 0 . 9 5 .  
Despite these l imi tat ions , elect r i c vehi cles do 
offe r seve ral advantages ove r convent ional pet roleum-powered 
vehicles . The p r i nc ipal advantages are : 1 )  e l e ct r i ci ty can 
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be produced f rom many ene rgy sources , s ome mo re  abundant 
than o i l , and hence could prove to be a mo r e  r e l iable and 
economi cal ene rgy s upply ,  and 2) elect r ic vehi c l es mo re 
e f f i c i ently conve rt  ene r gy to wo r k  t han convent ional 
vehi cles , the reby provi ding ope rat ing cos t  sav i ngs ( Resen , 
et al . ,  1 9 8 1) . Othe r advantages o f  el ect r i c vehicl es 
incl ude qu i ck and easy sta r t ing , min imal no i se , no po i sonous 
gas ses o r  pol l ut ing by-p roducts at the po int of use , 
mechani ca l  s impl i c i ty anQ du rabil ity , and the ab i l i ty to 
handl e sho r t-du rat ion ove r loads whi ch wo u l d  stal l a 
comparably-s i z ed inte rnal combust ion eng ine ( Resen , et al . ,  
1 9 8 1 , Obe r t , 1 9 7 2) . 
The se advantages have he lped elect r i c  ve hicles find 
wide acceptance fo r certain appl i cat i ons . Indust r i al 
mate r ials ·handl ing i s  one popular appl i cation , as 
i l l ust rated by the wide range of el ect r ic l i ft t r ucks 
ava i l able . One manufactu rer  ( Cate rpi l l a r , 1 9 8 4 ) ma r kets 1 6  
models o f  elect r i c  fo rk  l i fts , and · in  sales l i te ratu re  
compa res each mo del to  s imi lar models o f fe r ed by five 
compet i to rs . The fo rkl i f t  indust ry . ( elect r i c , p ropane , 
gaso l ine and diese l ) gene rates nea r ly - $ 1 0  b i l l i on in annual 
wo rldwide revenue , and elect r i c l i ft t r ucks acco unt for mo re 
than 5 0 %  o f  the 2 25 , 0 0 0  units sold annual ly . ( Ch r i s t i anson , 
et al . ,  1 9 8 5 ) . Unde rg round mi ning i s  another  popu l a r  
appl ication fo r elect r i c ·vehicles . _Convent ional vehi cles a r e  
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convent ional inte rnal combust ion e ng ine s , 4) the 
techn i ca l  and mechan ical prof i ciency of mo s t  farm ope rato r s , 
whi ch makes them pa rt icul a r ly capabl e  o f  adopt ing new 
techno lo g i es , 5 )  the ava i l abi l i ty o f  mo r e  than o ne vehicle 
on nea rly a l l  farm ope rat ions , which makes i t  non-es sential 
that an e le ct r i c vehicle be wel l -s u i ted f o r  a l l  tasks , and 
6) the vulne rabi l i ty of farm ope r at ions to ene r gy s upply 
int e r r upt ions . 
The Un i ted States Depa rtment o f  Ag r i cu l t u r e  in  1 9 7 9  
se lected s i x  inst it ut ions , including So uth Da kota State 
Un ive r s i ty ,  to s tudy the technical and economic potent ial of 
subst i tut ing el ect r i c fo r petroleum-powe red vehicles in 
ag r icul t u ral appl i cat ions ( Calk ins , et al . ,  1 9 8 1 ) . The 
g roup used a sequence of f ive steps to as sess  the 
feas ibi l i ty o f  elect r i c farm vehi cles . Thes e  we re  to : 1 )  
dete rmine vehi c l e  requ i rements fo r pe r fo rming ag r i cultur al 
tasks , 2 )  develop hypothet ical elect r i c vehi cle de signs 
based on cu r rent ( 1 9 8 0 )  and proj ected ( 1 9 9 0 ) techno logy ,  3 )  
analyze the technical feas ibil ity fo r pe rfo rming 
ag r i cultu ral tas k s  with elect r ic  vehicles , 4 )  assess the 
economi c feas ibi l i ty of elect r i c vehicles in ag r i culture  for 
1 9 8 0  and 1 9 9 0 , and 5 )  · i d�nt i fy speci f i c  facto r s  which co uld 
hasten o r  h i nde r adopt ion of ag r i cultu ral e l ect r i c vehicles 
( Chr i s t ianson , et al . ,  1 9 8 1 ) . 
Resen ( 1 9 8 1 )  used two methods to dete rmine the 
powe r , t ime and ene rgy requi rements o f  agr·cultural . 
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r est r i cted i n  mines because o f  po i sonous exhaust gases and 
spa r ks whi ch cause explos ion haz a rds . The moto r s  and 
cont rols in  e l ect r i c  mining vehi cles are totally enclosed 
and spa rk-f r ee , 
vehicl es . 
and the refo re safe r than ·convent ional 
E l e ct r i c vehicles are also gain ing acceptance in 
del ive ry and o the r comme r cial fl eets . I n  a s u rvey o f  
comme r cial  f l eet ope rato r s , Be r g , et al . ( 1 9 8 4 )  f o und that , 
depending upon r equ i red vehicle pe r fo rmance , between one-
-
fou r th and - three-fo u r ths of the approximately 1 3  mill ion 
vehicles in Un i ted States comme r cial fleets co uld be 
replaced by e l e ct r i c vehicles , thus prov i ding a s ubstant ial 
reduct ion i n  the dependence on pet rol eum fuels . · The Un ited 
States Po stal  Se rvice has used a l a r ge numbe r of elect r1c 
vehicles in th� ma i l  del ive ry fleet fo r seve ral  yea r s , and 
the i r  feas i b i l ity has been f i rmly establ i s hed ( Col e , 1 9 8 3 ) . 
Ag r i cul t u r al cho r& and ut i l ity wo r k  co uld be anothe r 
spe c i al i z ed appl i cat ion fo r elect r i c vehic les . Chr i s t i anson , 
et al . ( 1 9 8 1 ) l i st seve r al cha racte r i st i cs o f  l i ght-duty 
ag r icultu ral tasks which enhance the poten t i al for util iz ing 
elect r ic veh i cles  on the farm .  These iricl�de : 1 )  the 
regula r i ty · o f many farm tas ks which must be pe r f o rmed da ily , 
· year- round and f6r sho rt durat ions , 2 )  the l o cal natu re  of 
fa rm tas k s , most  o f  which a r e  perfo rmed on the farm uni t , 3 )  
the start-and-s top cha racte r i st i c  of many fa rm tas ks , 
analogous to ci ty dr iving , which ine f f i c i ently ut i l ize 
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vehicles : 1) rev iew o f  l i te ratu r e , and -2 )  in-dept h  farm 
su rveys and f a rm ope rato r inte rviews . Fa rm tas ks we re  
divi ded into f ive g roups and farm s i z es we re  divided into 
three catego r ies . Results fo r both metho ds we re  s imi la r ,  
although a w i de r  range of values was obtained by the survey 
and interview approach . The resul ts of t he review of  
l i te r ature  method are summa r i zed in Tab l e  2 .  This 
info rmat ion was not only impo r tant fo r assessment o f  
elect r ic f a rm veh i c l e  potent ial , but also def i ned the range 
of powe r and ene r gy capacities necessary f o r  des i gn of a 
prototype e l e ct r i c  farm vehi cle . 
Hypo thet i cal elect r i c vehi cl e des i gns we re 
establ i shed with coope rat ion f rom the Depa rtment o f  Ene rgy 
( Chr i st ianson , 1 9 8 0 ) . Vehicle s i zes of  1 1 , 1 9  and 3 0  kW 
we re used fo r 1 9 8 0 , and 1 9 , 3 0  and 4 5  kW fo r 1 9 90 , as 
prel imina ry - analys i s  had suggested that these s i z es wo ul d be 
the most pract i ca l . The hypothet ical veh i c l e  de s i gns are 
summa r i zed in  Table 3 .  
The techn i cal  feas ibil ity o f  ag r i cu l t u r al elect r i c 
vehi cles was dete rmined by compa r ing hypothet i cal  elect r i c 
vehicle capab i l i t i es with ag r i cultural tas k · requ i rements 
( Resen , et al . ,  1 9 8 1 ) . · . Table 4 indicates the pe r centages 
of Eas te rn South . Da kota farm tas ks , cal cu lated on an ene rgy 
not hoti r l y  bas i s , which could be pe rfo rmed by 1 1  to 4 5  kW 
elect r i c vehi cles with no management changes other than the . 
ut i l i zat ion o f  an elect r i c  veh icle to r eplace convent ional 
Table 2 .  P r incipal vehicle pe rfo rmance r equ i r ements f o r  
tas k s  typical o f  farms in Eas te rn So uth Dakota 
(Resen , 1 9 8 1 ) . 
1 2  \ 
= = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = =  
Drawba r 
Powe r (kW) 
Speed 
( km/h )  
Draft ( kN )  
PTO To rque 
(N-m) 
Loade r L i f t  
(kN) 
Ope rat ion 
Heavy 
T i l l age 
(1) 
4 5 -1 3 0  
5 - 1 0  
1 7 - 8 0  
Du rat ion ( h ) 8 - 1 2  
Ene r gy 4 3 6 -
( kW-h )  1 ·2 6  
Annual 
Ope rat ing 9 8-
Time ( h ) 4 7 5  
Annual 
Ene r gy 4 7 5 0 -




3 0 - 6 3  
5-24 
4-5 0  
2 3 0-
7 1 2  
5-12  
2 5 2 -
5 0 7  
1 7 4-
6 8 0 
5 8 3 9-








3 9 5  
7 
2 - 1 2  
1 1 2-
2 0 9  
1 9 5-
5 3 5  
3 6 35-
1 3 9 6 3  
L ives tock 
P roduction 
(4) 
1 9- 4 1  
2 - 2 4  
3 - 4 5  
1 8 5 -
1 0 5 8  
4 - 1 1  
1 - 8 
7 8-
1 8 6  
3 0 0-
1 0 0 0  
7 2 7 1-
3 1 6 9 2  
Gene ral 




1 - 7 
1 9 8-
3.0 5  
4 - 7 
3- 8 
5 6 -
6 2  
45-
7 0  
5 0 3-
7 8 3 
( 1 ) Tasks incl ude mo lboard plowing , chisel plowing and f ield 
cul tivat ing . 
( 2 )  Tas ks i ncl ude d i s k i ng , fertil i z ing , s i lage chopping , 
combining , bal ing �nd haul ing heavy loads . 
( 3 )  Tas ks  incl ude seeding , windrowing , l i ght haul i ng , 
mowing , rak ing , dragg ing , sp raying , stalk chopp ing , row 
cult ivat ing , · pl ant ing and co rn p i ck ing . 
( 4 )  Task s  include g r inding , loade r wo r k , sewage handl ing , 
l ive�tock moving and snow moving . 
( 5 )  Tasks  include ope rat ing auge r s  and el evato r s , digg ing 
post ho l e s , moving machine ry and haul ing rock . 
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Table 3 .  Hypo thet i cal elect r i c vehicle des i gns  fo r 1 9 8 0  and 
1 9 9 0  (Chr i st ianson ,  et al . ,  1 9 8 1 ) . 
= == = = = = = = = = = = = = = = = = === = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
1 98 0  Techno logy : 
Vehicle powe r (kW) 
Vehicle mass (kg )  
Battery : type 




l i fe 
(cycles ) 
Eff i ciency ( % )  
1 9 9 0  Techno l o gy : 
Vehi cl e  powe r (kW) 
Vehicle mas s  (k g ) . 
Batte ry : type 
speci f i c  
ene rgy 
capa c i ty 
(kW-h)  
l i fe 
(cycles ) 
Ef f i c iency ( % )  
1 1 . 2  
3 1 7 5  
9 7  
5 0 0  
3 3  
1 8 . 6  
3 1 7 5  
1 3 3  
2 0 0 0  
5 2  
1 8 . 6  
4 7 6 3  
l ead - acid 
4 2  Wh/kg 
1 6 2  
5 0 0  
3 3  
2 9 . 8  
5 2 1 6  
n i ckel - z in c  
7 0  Wh/ k g  
2 0 2  
2 0 0 0  
5 2  
414178 SOIJ!H DAKOTA STATE UNiVERSITY lJBRAR 
2 9 . 8  
8 0 7 4  
2 5 9  
5 0 0  
3 3  
44 . 7  
7 7 1 1  
3 0 2  
2 0 0 0  
5 2  
Table 4 .  Percentages 
veh icles in 
1 9 8 1 ) . 
of farm tasks which could be pe rformed by 1 1  to 45  kW el ectric  
typi cal Eas tern South Dakota farms ( Christianson , et . al . , 
== ===== = = = = = = = = = = = = = = =;===-=: = = = = = = = = = = = = = = = = = = = = = = = === === === = = = = = = = ========= = = ======= =  
Vehicle Size : 11 . 2  kW 1 8 . 6  kW 
Task Type : Heavy Medi um Light Live- Gene ral Heavy Medium Li ght Live- Gene ral 
Fie ld Field Field stock Ut i l i ty Field Field Field stock Ut ility 
Med ium 
farms : 7 13 27 4 3  89  1 1  22  4 5  7 1  1 0 0  
Large 
farms : 6 ' 8 19 18 89 1 0  1 4  3 2  2 9  1 0 0  
Veh icle·Size : 29 . 8  kW 4 4 . 7  kW 
T�sk Type : Heavy Medium Light Live- General 
Field Field Field stock Ut il ity 
Heavy Med ium Li ght 











. ( 2 )  
(3 ) 
18 34 72 ioo 1 0 0  2 7  5 2  1 0 0  1 0 0  1 0 0  
' 16 22 51 47 1 0 0  2 5  3 4  7 7  7 1  1 0 0  
Based on actual field practice records for 17  farms during two g rowing 
seasons , and assumes that the electric vehicle will produce rated powe r for 
four hours per charge , and that only one battery charge wil l be used per day . 
Percentages ar� cal cul ated as the port ion of interna l combust ion tracto r 
energy use whi ch can be replaced • 
Tas ks are as de f ined in Table 2 .  
Medium farms are from 2 0 0  to 999  acres , large farms are over 1 0 0 0  acres . ...., � 
1 5  
farm t racto rs . Thi s  assumes one elect r i c  veh i c l e  pe r fa rm 
with one batte ry charge pe r day . Thi s  i s  a conse rvative 
est imate o f  the potent ial to replace o i l-de r ived fuel 
cons umpt ion in Easte rn South Dakota agr i cul t u r e  with 
elect r i c i ty because farm ope rato r s  co uld adj ust the i r  wo r k  
schedules t o  accomodate elect r i c  vehicles . Elect r i c  veh i cles 
are probably not pract ical for heavy f ie l d  wo r k , but are 
techn i cally capabl e  o f  replacing pet roleum-powe r ed t racto r s  
in nea r ly a l l  t he l ivestock and ut i l i ty wo r k , and can be 
used for a po r t i on �f the l i ght and medi um f ie l d  wo r k  (Table 
4 ) . These pe r centages cou ld be do ubled ( up to 1 0 0 % ) i f  two 
elect ric vehi cles  o f  that s i ze we re ope r ated da i ly , o r  i f  a 
batte ry replacement du r ing the day was al lowed . 
Buc k and Hughes ( 1 9 8 1 ) divided ag r i cu l t u ral tas ks 
into f o u r  catego r i es fo r asses sment o f  elect r i c  vehicle 
feas ibi l ity : · 1 )  heavy f ield wo rk , 2)  'l i ght f ie l d  wo r k , 3 )  
haul ing tas k s , and 4 )  ut il ity tasks . They fo und that 
exist ing pet roleum-powe red vehicles .Pe rfo rm heavy f ield 
tas ks  with an e f f i c i ency of 2 4 % , but a re l es s  e f f i c i ent with 
l i ght f i eld tas k s  at 1 7 % , and are only 11% e f f i c i ent . at 
haul ing and u t i l i ty tas ks . Buck and Hughes �1 9 8 1 ) also 
found that most farm ope rat ions use mo re  than one t racto r , 
so it i s  not essent ial that elect r i c veh i cles be wel l-su ited 
to pe rfo rm all  tas k s . They concl uded that elect r i c t ractor s 
could be used to mo re efficiently pe rfo rm the l i ght duty 
ut il ity tas ks , whi l e the heavy f ield wo rk  should be 
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pe r fo rmed by convent ional t racto r s . 
Chr i st ianson , et al • . ( 1 9 8 1 )  l i s t  t he fol lowing 
facto r s  whi ch affect the economic feas i b i l i ty o f  r eplacing 
convent ional pet ro l eum-powe red farm vehi cles w i th elect r i c 
vehicles : 1 )  relat ive pu rchase p r ices , 2 )  vehicle 
e f f i c i encies , 3 )  comparat ive ene rgy p r ices , 4 )  vehicle and 
component l ives , 5 )  relat ive maintenance co st s , 6 )  
comparat ive ease o f  ope ration , 7 )  chem i cal  o r  phys ical 
pol l ut ion , 8 )  the impo rtance of reduc ing ene rgy 
vulne rab i l i ty on . a local level , and 9 )  the effects of di rect 
o r  indi rect gove rnment pol i cy .  
E l ect r i c veh i cle manu factur e r s  have i nd i cated that 
the pu r chase p r i ce for an elect r i c  farm veh i c l e  would _ be 
app rox imately 10 · to 1 5 %  mo re than the pu r chase pr i ce of an 
equ ivalent diesel t racto r , not incl uding the co s t  of the 
battery pack and the charger  (Ch r i s t ianson , et al . ,  1 9 8 5 ) . 
Thi s  init ial co st difference i s  mo re a funct ion o f  ach i eving 
economies-o f-scale than of inhe rent ext�a labo r o r  mate r ials 
co st . Howeve r ,  the h ighe r init ial co s t  o f  t he elect r ic  
vehicle cou l d  be  o f fset by lowe r ope rat i ng and ma intenance 
costs , longe r vehi cl� and · component- l ives , and bette r 
rel iabi l ity of elect r i c vehicles . Us i ng l i f e-cycles , 
cost ing techniques and data from the e l ect r i c fo r k l ift  
indust ry , Chr i s t ianson , et  al . (1 9 8 5 ) prov i de s  an  est imated 
l i fe-cycle co st compa r i s6n between.ele ct r i c and diesel farm 
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t racto r s  (Tabl e  5 ) . Thi s  compa r i son show� that , due to 
lower ope rating and maintenance costs and longe r vehicle 
l i fe , the elect r i c vehicle could save app r o x imately 11% of 
annual diesel veh i cl e  cost s . 
Tabl e 5 .  Li fe-cycle cost analys i s · o f  e l e ct r ic ve r sus 
convent ional farm t racto rs (Ch r i s t i anson , et 
al . , 1 9 8 5 ) . 
=========================================================== 
Ini t i al cos t s  o f  a 6 0  kW , 
4 WD equ iva lent t ract o r  
( 1 9 8 4  i n  Uni ted State s )  
Expected vehicle l i f e  
Annual owne r ship co sts 
at 10%  int e rest 
Ene rgy cost I un i t  
Annual ene r gy co sts with 
7 5 0 0  kW-h ene r gy · 
avai lable at axles 
Annual maintenance 
and repa i r  costs 
TOTAL ANNUAL COSTS 
Batte ry-powe red 
Electric Tractor 
$ 5 0 , 0 0 0  
1 0  yea r s  
$ 8 , 15 0  
$ . 0 5/kW-h 
$ 1 , 8 7 5  
$ 4 , 5 0 0  
$ 1 4 , 5 2 5  
Diesel 
Tractor 
$ 4 0 , 0 0 0  
7 yea rs 
$ 8 , 2 9 0 
$ . 3 0/L 
$ 2 , 1 0 0  
$ 6 , 0 0 0 
$ 1 6 , 3 9 0  
Ease o f  ope rat ion i s  a n  impo r tant advantage o f  
elect r i c veh icles . They start immediately , a r e  s imple and 
easy to use , and r espond qu ickly . Elect r i c  veh i c l es also 
have impo r tant advantage s in te rms o f  po l l ut ion , espe cial ly 
fo r in-bu i l ding wo rk  common with farm cho res . .The no i se and 
chemi cal emi s s ions of elect r i c vehi cles a re ne gl i g i ble 
compa red to those of gasoline- or diesel-powe req vehi cles . 
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Gove rnment pol i cy can be des i gned t o  f avo r diesel o r  
elect r ic vehi cles . · Rat ional ity suggest s  that gove rnment 
pol i cy favo r s  the goal of ene rgy independence whi ch , in mo st 
count r ies , cou l d  be ach i eved through inc r eased ut i l i z ati on o f  
elect r ic  ene r gy .  Income tax c redi ts , reduced i nte rest rates 
fo r pu r chase of elect r i c vehicles , and o i l  deplet ion 
allowances a r e  exampl es of gove rnment pol i c i e s  t hat can 
affect consume r cho i ces ( Ch r i st ianson , et al . ,  1 9 8 5 ) . 
Chr i st ianson , et al . ( 1 9 8 1 ) def ined o the r events 
which cou l d  also enhance the economi c potent ial of elect r ic 
farm .vehi cles , as the last step in  t he Un i ted States 
Depa rtment o f  Ag r i cu l t u r e  study . These we r e : inte r r upt ions 
of diesel o r  gaso l ine s uppl ies , technolog i cal b r eakthr oughs 
in .the eiect r ic vehicle indust ry ,  especially in batte ry 
des i gn , and enco u ragement o f  elect r i c vehicles by elect r i c  
ut i l i ty companies through special o f f-peak e l e ct r i c  rates 
fo r elect r ic veh i c l e  use r s .  
Electric vehicles � agricultural a��lications : 
Spo radic attent ion had been g i ven to the use of 
elect r i c vehi cles  in ag r i cultu r e  be fo r e  the Un i ted States 
Department of Ag r icultu re and Depa rtment o f  Ene rgy 
feas i b i l i ty study .  Al l i s Cha lme r s  bu i l t  an e xpe r imental 
elect r i c t ractor  powe red by fuel cel ls ( I h r i g , . 1 96 0 ) . It  
had a 1 5-kW elect r i c moto r and could develop a d r awba r pul l 
of app roximately 1 3  kN . Ha rd dry ground w i th abo ut 3 0  em o f  
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al fal fa o n  i t  was plowed with a double-bottom plow w ithout 
d i ff iculty . In i t ial· tests indicated e ff i c i en c i e s  o f  SO to 
6 0 % , which we r e  much bett e r  than cou l d  be attained with 
diesel o r  gaso l ine eng ines . 
The Fa rm E l e ct r i f i cation Co unc i l  and Lead Indus t r ies 
Associat ion in  1 9 6 9 int roduced the E l ect r ic Expe r imental 
Tracto r (EXT ) to demonst rate the capab i l ity and feas i b i l i ty 
of sma l l , battery-powe red vehi cles ( Tu r rel , 1 9 6 9 ) . Th i s  
tracto r was des c r i bed a s  a fou r-whee led , r iding-type 
-
t racto r , equ i valent in capab i l i t i es to a 9-kW gasol irie-
powe red un i t . It  was des i gned to mow , blow snow , clean 
f r ee-stall da i ry ba rns and move var ious mate r ia l s  a round the 
fa rmstead . The EXT was powe red by s i x ,  6 -vo l t  lead-acid 
batte r ies , and could be  fully ·recha rged within 12  hou r s  on a 
1 1 0-vo lt ac cha rge r . It  had a sol id  state cont rol which 
al lowed f o r  ·reve�s ing and fo r speed variat ion w i thout lo s s  
of powe r .  Two , 0 . 7 5- kW de· se r ies t ract ion moto r s  drove the 
EXT . Three , 1-kW pe rmanent magnet moto r s  powe r e d  the mowe r , 
and one , 3 -kW pe rmanent magnet moto r powe red the s nowblowe r . 
The EXT also had an e l ect r i c  powe r l i ft fo r attachments 
( Tu r rel , 19 69) . 
F i e l d  tests s howed that the EXT coul d ope r ate for 
approximately two · hou r s  between cha rge s , depend ing upon how 
it was used . The test s  also showed that the E XT was mo re 
economi cal to ope rate than engi ne-type units . Tu r rel (19 6 9) 
noted keen inte rest f rom seve ral manufact u r e r s , who 
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ind i cated that a n  elect r ic t racto r compa r ab l e  t o  a 5-kW 
gaso l ine t ra cto r could be compe t i tive l y  p roduced and 
mar k eted . The EXT was the fo r e runne r of t he e l e ct r i c r iding 
mowe r s  1 and ga r den t racto r s  late r produced by John Dee re ,  
Gene ral Elect r ic and Wheelho r se . 
The development and wide acceptance o f  t he elect r i c 
gar den t racto r and r i ding mowe r pr�mpted Obe r t  ( 1 97 2 )  to 
investi gate t he feas ibi l i ty of elect r i c veh i c l e s  fo r farm 
use . Obe rt ( 1 97 2 )  exami ned the duty requi rements for  farm 
tas ks , and found vehicle appl ications wh ich co uld · be 
elect r i cally powe red . Obe rt ( 1 97 2 )  concl uded that e l e ct r ic 
veh i cles wou l d  ·be l imi ted by the battery , but t hat some 
speci f i c  elect r i c  farm vehicle appl i cat ions we r e  feas i ble , 
and that the tools and techn i cal  suppo r t  we re  avai l able fo r 
furthe r feas i b i l i ty studies and fo r elect r i c t r acto r  
development . 
E l amin ( 1 9 8 1 )  compa red the pe r fo rmance o f  an 
elect r i c lawn and ga rden t racto r with that o f  a s im i l a r  
gaso l ine-powe r e d  un it . Three tas ks (mowi ng , di s k ing and 
plowing ) we re  used to compa r e  ope r at i ng spe eds , ene r gy usage 
and ene rgy co s t s  of the two t racto r s . H i ghly s i gn i f i cant 
s ·avings in ene rgy use and cost we re r epo r ted fo r the 
elect·ric t r acto r at s imi l a r  ope rat ing spe eds fo r both 
t racto r s . Thi s  wo r k  cannot be ext rapo l ated to p r edi ct the 
pe r fo rmance o f  la r ge r  batte ry-powe red t r acto r s  because of 
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the la r ge d i f f erence i n  s cale between ga rden and farm 
t racto r s . E l amin ( 1 9 8 1 )  suggested repeat i ng t h i s  type o f  
wo r k  w i th l a r ge r  vehicles , such a s  fo r k - l i f t  t rucks , t o  
ve r i fy h i s  results o n  a large r s cal e . 
TEMA ( a  company in  the I tal ian Nat ional Hyd roca rbon 
Agency ) i n  1 9 8 3  conducted a feas ibi l i ty s tudy fo r an 
elect r i cally powe red ag r i cultural t racto r ( Ge rvas io , .et al . ,  
1 9 84 ) . Thi s  s tudy led to the development o f  a pr ototype 
battery-powered t racto r whi ch was compl eted i n  May , 1 9 8 4 . 
The prototype was powe red by two g roups o f  lead-ac id 
batte r ies , conne cted in ser ies to supply 1 4 0  vol ts , with an 
ene r gy capacity o f  approx imately SO kW-h . Veh i c l e  mas s  was 
approx imately 4 5 0 0  kg , with one-thi rd of t h i s  due to the 
batte r ies . The t racto r had four-wheel d r ive , achieved by 
us ing fou r , 5-kW pe rmanent magnet moto r s , one at each wheel . 
A 15-kW moto r drove an independent pto wh ich could be 
ope rated at e i the r 5 4 0  o r  1 0 0 0  r/min .  The t r acto r had a 
hyd raul i c  ho i st powe r ed by a 3-kW moto r ,  but d i d  not have a 
loade r . Di rect ion o f  ope ration was reve r s ible by ro tat ing 
the ope rato r cons o l e  a round a ve rti cal shaf t . The t racto r 
I 
was stee red by one axl e , no rmally the f ront axl� ( oppo s i te 
the d rawba r) .  
F i e l d  tests we re conducted to dete rmine the 
pe r fo rmance of t he TEMA t racto r fo r powe r ing three types o f  
machine ry : 1 )  that requ i ring only drawba r powe r ,  2 )  that 
requ i r ing only pto powe r , and 3 )  that requ i r i ng both drawba r · 
2 2  
and pto powe r . I n i t i al results indicated that the t racto r 
pe r fo rmed best fo r tas ks  requ i r ing mode rate drawba r and pto 
powe r .  When coupled to a t ra i le r which r equ i red high 
drawba r pul l , the t racto r was l imi ted by the exce s s ive 
cu r rent needed by the moto rs to p roduce the necessary 
to rque . When coupled to a s cythe ba r mowe r , the t racto r was 
unde r ut i l i zed in  t e rms o f  powe r · requ i red , and c r eated 
compact ion problems due to its excess ive we i ght . TEMA pl ans 
to cont inue r e s ea r ch in thie a rea , ma inly to t ry to r educe 
the we i ght of e l ect r i c t r acto r s . 
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ELECTRIC CHOREMASTER DEVELOPMENT PROCE SS 
Oyeryiew Qf vehicle design: 
The goal o f  thi s  process was to develop an e l e ct r ic  
t ractor  fo r test ing and demons t rat ion within one yea r . The 
philosophy o f  the des ign proces s was to des i gn and build a 
useful vehicle within the speci f ied t ime cons t ra ints , and 
then mak e  necessary des ign improvements to opt imi z e vehicle 
pe rfo rmance . Comme r c ially avai lable and techn i ca l l y  proven 
components we re  to be used so that the des i gn team could 
concent rate on applying el ect r i c vehicle  technology to 
ag r i culture  rathe r than des igning new components and to 
enhance fut u r e  manufactur ing po tent ial . A de c i s ion was made 
to modi fy an e x i st ing vehicle rathe r than attempt to develop 
an ent i rely new ·p�ototype be cause many components are 
s imi l a r  to those cu r rently used on pe t r ol eum- fueled 
t racto r s . 
The f i r s t  s tep in the des i gn process was to def i ne 
the requ i rements o f  an elect r i c vehicle in ag r icultu r e .  
Relying o n  p r ev ious resea r ch ( Resen , 1 9 8 1 , Buck and Hughes , 
1 9 8 1 ) and on the expe r i ence of individuals in  t he de s i gn 
group , a l i st o f  tas ks whi ch the vehicle sho u l d  be capable 
of pe rfo rming wa� comp i l ed ( Table 6 ) . The rev iew of 
l i te ratu re 
feas ible 
batte ry 
indicated that elect r i c veh icles wou l d  not be 
fo r extens ive f ield wo r k , due to insu f f icient 
capacity , there fo re the . l is t  concent r ates on 
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farmstead and ut i l i ty tas ks .  Loade r tas ks  r epresent mo re  
than SO % o f  the ant i c ipated use time , the r e f o r e  a pr imary 
cons iderat ion in development of this t racto r 
opt imi zation fo r loade r use . 
Table 6 .  Ant i cipated uses fo r an elect r i c t racto r . 
======================================================= 
Loade r Tas ks : est imated as SO % o f  t racto r use 
Feed handl i ng 
S i l age loading 
Round bale moving and feeding 
Manu r e  handl ing 
Sno·w moving 
Ro ck hau l i ng f rom f ields 
Land s c r aping/level ing 
Othe r uses : 
Feedlot wagon towing and ope r at i ng 
Fa rmstead-to-field haul ing 
Manu r e  haul ing 
Grain haul ing 
G ra i n  auge r ing 
Fa rmstead mowing 
Spraying 
Shott du rat ion seeding , mowing and rak ing 
Po s t-ho l e  digg ing 
I r r i gat ion pumping 
I r r igation pipe transpo rt ing 
Log spl i tt ing I f i r ewood haul ing 
Standby powe r source 
Po r table powe r sou r ce 
F i e l d  repa i r  
was 
The next step in the des i gn pro cess was to de cide 
upon gene ral d r ive and s teer ing opt ions . The d r ive opt ions 
we r e : rea r-axle , two-wheel  dr ive; f r ont-axle , two-wheel 
d r ive; rea r-axle d r ive with f ront wheel ass i st; and four-
wheel d r ive .  Many o f  the tas ks the vehi cl e wou l d  be 
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requ i red 
Fou r-whe e l  
to pe r f o rm are on soft , muddy g ro und o r  snow . 
d r ive provides better  t ract ion and can develop 
mo re thrust in  adve rse  so i l  conditions , the r efo r e  four-wheel 
·d r ive was selected fo r the prototype . 
Seve ral methods o f  stee r ing we r e  ava i l able with 
fou r-wheel d r ive . The se included : s k i d- s tee r ing , f ront­
axle , rear-axle ,  both front- and rea r-axl e s tee r i ng ,  and 
a r t i culated s tee r ing . Skid-stee r ing and f ront-axle stee r ing 
we re both el imi nated due to conce rns about the loss of 
mobi l i ty on ·soft so i ls . Double axl e stee r was e l iminated in 
favo r o f  rea r-axle s teer ing because do uble axle stee r ing was 
mo re e xpens ive and did not appe a r  to o f f e r  improved 
pe r fo rmance . Rea r-axle stee r ing was a promi s i ng alternative 
for th i s  t r acto r because it  would prov i de fo r good 
maneuve rab i l ity w i th the loade r attached . With a reve r s ible 
cab , the rea r-axle stee red t racto r would pe r f o rm l i ke a 
f ront-axle s teered vehicle for drawba r l oads . Howeve r ,  
a r t i culated stee r i ng was gene ral ly cons i de red to be the 
s impl est and l east expens ive stee r ing method . An a r t i cul ate 
stee red veh i cle wo uld also be ve ry mo bi l e , as it can 
maintain full powe r through tu rns , and wou l d  prov i de good 
maneuve rab ility and loade r  cont rol . The refo re , a r t i culated 
s tee r i ng was chosen fo r this vehi cle . 
Seve ral farm and const ruct ion vehi cles cu r rently on 
the ma rket we re examined and compa red w i th the de s i gn 
cr ite r ia outl i ned above . From these compa r i sons the 
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Ver sat i l e  1 6 0  t ractor was selected a s  the bas i s  fo r the 
elect r ic t racto r ,  and a prototype o f  the 1 6 0  was pu r chased . 
Thi s  was a fou r-wheel d r ive ,  a r t i culated f r ame veh icle with 
a r eve r s ible ope rato r console to fac i l itate i t s  use as 
e i the r a loade r/ut i l ity t racto r or as a f ie l d  t racto r . 
Power train design: 
The ma in d i ffe rence between a convent i onal t racto r 
and an elect r i c t racto r i s  the powe r t rain . The r ef o r e , i t  
i s  the power t r ain - des ign whi ch me r i ts the mos t  attent ion . 
The powe r t r a i n  o f  a vehicle can be def i ned as the 
integrated set of components that conve r t  i nput ene rgy to 
usable powe i .  The powe r output is usually a mechan ical 
dr iving fo r ce at the vehicle wheels , but w i th ag r i cultural 
tracto r s  powe r i s  also available from the powe r-take-o f f  
( pto ) shaft and f rom the aux i l iary hydraul i cs sys tem . An 
addit ional opt ion o f  the elect r i c  powe r t ra i n  co uld be the 
provis ion o f  an elect r i cal  outlet , so . the t r acto r can be 
used as a po r table powe r sou r ce . 
The powe r t rain of a gasol ine o r  diesel  t racto r 
typical ly incl udes : 1 )  a fuel tank for  ene r gy s to r age , 2 )  an 
inte rnal cbmbus t ion eng ine to conve rt the ene r gy in the 
fuel to mechan i cal ene r gy , 3 )  a fuel pump and throttle to 
regulate the eng ine speed ,  4 )  a clutch , mul t i- ratio 
t ransmi s s ion and addit ional gear reduct ions to match the 
mechani cal  output cha racte r i st i cs of the eng ine to the 
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propuls ion needs o f  the vehi cle , and 5 )  sys tems to d r ive the 
pto and aux i l i a ry hyd raul i cs f rom the eng ine . A compa rable 
elect r i c  t racto r powe r t r ain woul d include : 1 )  a batte ry 
pack f o r  ene r gy sto rage , 2 )  an e l ect r i c  moto r or  moto r s  to 
conve r t  e l ect r i cal ene rgy to me chan i cal  ene r gy , 3 )  a 
cont rol l e r  system to condit ion the elect r i cal  ene r gy from 
the batte r y  and cont ro l moto r ope ra� ion , 4 )  a t ransmiss ion 
and gea r reduct ion sys tem , and 5 )  moto r s  and cont rols to 
d r ive the pto and auxi l i a ry hydraul i cs system . The elec� r i c  
vehi cle  a l s o  requ i res  a batte ry cha rge r t o  s upply ene r gy to 
the t r acto r , analogous to the pet rol eum fuel bul k  tank . 
One advantage o f  an elect r i c  t �acto r i s  the ab i l ity 
to separate the t raction , pto and hydr aul i c  sys tems . With � 
conventional t racto r all  the powe r i s  s uppl ied by _ one 
inte rnal combus t ion eng ine so ope ration of each of the three 
powe r output sys tems i s  dependent upon eng i ne speed .  The 
co st and complex ity of inte rnal combust ion eng ines make it  
impract i cal  to  use mo re  than one eng ine on convent i onal farm 
t r acto rs . In the e l e ct r i c  t racto r , a sepa rate moto r and 
cont rol sys tem can be used fo r each of the powe r outputs 
wi thout s ubs tant i al ly. increas ing co s t  o r  compl exity . 
�epa rate e l e ct r i c  .moto rs allow the ope rato r to i ndependent ly 
cont ro l t rave l speed , pto speed and hydraul i c system 
response . 
The ideal pe rfo rmance o f  the powe r t ra i n  f o r  veh icle 
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speed range 
the to rque 
Thi s  will  
dr ives i s  cons tant powe r output ove r the f u l l  
( Tabo rek , 1 95 7 ) . To produce constant powe r , 
output mus t  vary inver sely with speed ( F igu r e  1 ) . 
provide the vehi cle  with h i gh t ractive e f fo rt at low speeds 
whe re  demands fo r accele ration , drawba r pul l  o r  g rade 
cl imbing capabi l ity are high . High speeds can be atta ined 
when the re is low to rque demand , such as f o r  road t ravel ing . 
The re  a r e  powe r plants that have powe r-to rque-speed 
char acte r i s t i cs s imi lar  to those whi ch are i deal f o r  vehicle 
propu l s ion , ·such as s e r ies-wo und elect r i c moto r s  ( F i gu re 2 )  
and steam eng i ne s . The internal combustion eng i ne has less 
favo rable cha racte r i st i cs ( F igu re 3 )  and can only be used 
with a s u i tabl e  t ransmi ss ion which helps i t  approx imate the 
ideal cu rve ( F i gu re 4 ) . The mo re gear rat i o s  ava i l abl e in 
the t ransmi ss ion , the bette r the inte rnal combus t i on powe r 
t rain can approx imate the ideal powe r �ha racte r i st i cs . An 
inte r nal combust ion eng ine coupl ed to an inf initely va r i abl e 
t ransmi ss ion , s uch as a hydrostat i c  transmi s s ion , can be 
des i gned to closely match the ideal powe r pl ant 
characte r i s t i cs ( F igure 5 ) . Howeve r ,  i n f i n i tely va r i able 
tr ansmi s s ions are gene rally inefficient ( F i gu ie 6 )  and 
expens ive . 
F ig u re 1 .  I deal powe r 
cha racte r i st ic s  fo r 
vehicle pr opu l s ion T 
( Tabo rek , 1 9 5 7 ) . 0 
F igure 2 .  To rque-speed 





of a de s e r ies motor T 
( R icha rdson , 1 9 8 0 ) . 0 
F igu re 3 .  To rque- speed 
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Figure  4 .  Thr us t  
cha r acte r is t ics  typi cal 
of a vehicle  d r i ven by 
an inte rnal combustion 
eng ine with a three­
speed t ransmi s s ion 
( Wong , 1 9 7 8 ) . 
Figure  s .  Thr us t  
cha racte r i s t i cs typical 
o f  a veh i cle  d r iven by 
an inte rnal combus t ion 
engine and hydrostat i c  
t ransmi s s ion 
( Hull , 1 9 8 1 ) . 
Figure  6 .  Compa r ison 
o f  e f f i ci encies o f  a 
diesel I hydr os tat i c  
powe r t r a i n  ve r su s  an 
elect r ic powe r t r a i n  . 
( Chr i s t i anso n , et al . , 
.
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E l e ct r i c moto r s  are most effi ci ent when des i gned fo r 
hi gh-speed appl i cat ions , the refore gea r reduct ion sys tems 
are nece s s a ry f o r  elect r i c  vehi cle  dr ives . Fo r ce rtain 
appl i cat ions elect r i c  vehi cles can be bu i l t  w i th only one 
gear ratio , but a two- o r  three-speed t ransm i s s ion will  
g reatly enhance the vehi cle pe rfo rmance . Road veh i cl es are 
gene rally bu i l t  with seve ral gear ratios , as this improves 
the accele ration , b i l l  cl imb i ng abi l ity and top speed of the 
vehicle . Moto r s  and cont ro ls for  appl i ca t ions involving 
s ingle rat io - t ransmiss ions are available , but these systems 
are la r ge , heavy and expens ive . Gear  ratios can be used to 
mo re effect ively match the moto r pe r f o rmance to vehicle 
requ i rements . In the Ve rsat i le 1 6 0 , a th ree speed 
transmi ss ion was ava i lable . The ove r al l  gea r  reduct ion 
rat ios fo r the vehicle we re 7 2 . 0 : 1  in  f i r s t  gea r , 3 6 . 4 : 1 in 
second gea r , and 1 7 . 6 7 : 1  in thi r d  gear . · 
A fou r-wheel d r ive t racto r can be dr iven by one , two 
o r  fou r t r act ion moto r s . A s ingl e moto r dr ive was selected 
fo r the E l ect r i c  Cho remaster . Thi s  e l e ct r i c moto r was 
des i gned to repl ace the diesel eng ine and the hydrostat i c  
t ransmi s s ion , and then coupled di rectly to the ·  rema in ing 
dr ive syst�m . The - elect r i c  dr ive sys tem was de s i gned to 
ope rate at the same speeds as the Ve r sat i l e hydrostat i c  
moto r t o  u t i l i ze the ava i lable gear reduct ion system . The 
elect ron i c  cont rol system fo r the s ingl e  moto r dr ive was 
s impl e r  and less expens ive than fo r mul t iple moto r dr ives 
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s ince two and fou r moto r sys tems requ i re compl i cated 
cont rols  to coo rdinate moto r ope rat ion . Also , t he cont ro l l e r  
fo r the s ingle moto r d r ive was comme r ci a l l y  ava i l able , but 
equ ivalent cont rols  fo r mul t iple moto r d r ives we r e  not . 
The ideal pe r fo rmance o f  the pto i s  to provide 
cons tant speed , acco rding to throttle sett ing , f o r  the ful l 
range o f  powe r . E le ct r i c moto rs are wel l-s u i ted to cons tant-
speed appl i cat ions . The inhe rent characte r i s t i cs o f  a de 
shunt moto r a r e  nea r ly cons tant speed for the ful l r ange . o f  
output powe r , and cont rols can be bui l t  to prov i de cons tant 
speed from othe r types of elect r i c  moto r s . Add i t iona l ly , 
. elect r i c  moto r s  can provide a wide r  range o f  constant-speed 
powe r outputs than can equ ivalent i nte rnal combust ion 
eng ine s . 
The · most impo rtant cons ide ration i n  t he des i gn of 
the hydraul i c  system i s  the availabil i ty o f  powe r on demand . 
Thi s i s  especially c r i t i cal for appl i cat ions s uch as powe r 
stee r ing , whe re system response time d i rectly af fects 
ope rato r safety . A w i de sel ection of  avai lable hydraul ic 
components allows many types of powe r sources to be u sed to 
d r ive the hydraul i cs package . Hydraul i c  sys tem components . 
can be matched to the powe r sou r ce cha r acte r i s t i cs to 
provide powe r on demand . 
A system with one moto r to ope r ate both the pto and 
hyd raul i cs was used for the prototype elect r i c  t racto r . The 
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prel imina ry des ign spe c i f ied that two moto r and control 
systems be used , one to dr ive the pto and one to dr ive the 
hyd raul i cs . Howeve r ,  the highe r  cost  o f  this  de s i gn 
prompted a dec i s i on to combine the two systems . The pto was 
d r iven by the m6to r through the 4 : 1 gea r  r educt ion sys tem of 
the o r i g inal vehi cle . The hydrau l i cs sys tem was powe red 
f rom the moto r by a hi gh-to rque . be l t  d r ive system . A 
pr io r ity valve with load sens ing was used to di rect the 
hydraul i c  powe r to s tee r ing as f i rs t  prio r i ty .  Thi s  sys tem 
was intended as the f i r s t  step in the des i gn process of the 
pto and hyd r aul i cs . The pe rfo rmance o f  th i s  sys tem was to 
be analyzed and mod i f i cat ions made to opt imi z e  sys tem 
pe r fo rmance and cost . 
Power train component selection: 
Batte r ies : 
The pr imary cons ide rat ions fo r e l e ct r i c  vehicle 
batte r ies a r e  a h i gh ene rgy dens i ty ,  high powe r dens ity ,  
long l i fe expe ctancy , and low co st  pe r char ge-d i s charge 
cycle . The batte r ies best able to meet these cr i te r ia a re 
class i f ied as " nea r-te rm " elect r i c vehi cle batte r.ies ( USDOE , 
1 9 8 1 ) . Batte r i es a re developed to whe re � 0  to 4 0  Wh/k g and 
15 0 0  to 2 0 0 0  cycle l ives a re pract i cal f rom l ead-acid 
batte r i es ( Tabl e 7 ) . 
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Table 7 .  Batt e ry developmental state ( Vincent , 1 9 8 4 ) . 
============================================================ 
Batte ry type : 
Lead-ac i d  
Advanced lead-acid 
Nickel- i r on 
Advanced n i ckel-i ron 
Nickel-z inc 
Advanced n i ckel-z inc 
Z inc-chl o r ine 
Spe c i f i c  
Ene r gy 
CWh/kgl 
3 0  
4 0  
4 0  
6 0  
6 0  
8 0  
8 0  
Spe ci f i c  Cycl e 
Powe r L i fe 
CW/kg) 
8 0  2 0 0 0  
1 0 0  1 5 0 0  
1 0 0  1 5 0 0  
1 1 0  1 0 0 0  
9 0  2 5 0  
1 2 0  5 0 0  
1 2 0  1 0 0 0  
The mo s t  technologically proven and w i dely used 
batte ry fo r e l e ct r i c  vehi cles is  the lead-aci d  batte ry . · It  
i s  also the  mos t  e conomi cal in  te rms of cost pe r cycl e o f  
use . Othe r batt e ry systems have exhibited be tte r ene rgy and 
powe r char acte r i st i cs than tho se of the lead-ac i d  sys tems , 
but redu ced cycl� l i fe ,  charg ing diff icu l t i e s ,  compl exity 
and h i gh co �t have l imited the i r  u se in e l e ct r ic veh i c l es . 
I t  i s  expe cted that at leas t one o f  these new systems may 
soon be compet i t ive with lead-acid batte r i es , but the lead-
aci d  batte r y  presently represents the - s tate-o f-the- a r t  in 
elect r i c  vehi cl e  batte r i es ( Co l l i e , 1 97 9 ) . 
A l ead-ac i d  battery pack s imi l a r  t o  those 
comme r c i al ly avai lable for use in indu s t r ial  l i f t  t r ucks and 
mining vehi cles  was selected to provide powe r to the 
elect r i c  t racto r prototype . Thi s battery was chosen be cause 
it  represents the mo st economi cal batte r y  presently 
avai lable , and wou l d  be · the most  l i kely cho i ce fo r future 
manufactu r ing potent ial . �he h i ghe r we i ght Q f  t he standa rd · 
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lead-ac i d - batt e ry pack was o ffset by i t s  lowe r co st and 
longe r l i fe t ime , as compa red to an advanced l ead-acid 
battery pack . The n i ckel-i ron and nic kel- z inc batte r ies 
we re  not comme r cially proven , and the re fo r e  did not meet the 
des i gn c r i te r i a  for  this pro j e ct . 
Moto r s  and cont rols : 
E l e ct r i c  vehi cle moto r s  are presently at  an advanced 
·state of development and show many charact e r i s t i cs des i rable 
fo r vehi cl e · propul s ion . The wide range o f  comme r c ial ly 
ava i l able moto r characte r i st i cs offers  a g reat deal of 
flexib i l i ty in vehi cl e  de s i gn . After  the powe r t ra in 
requ i rements o f  a vehi cle have been dete rmined , the vehi cle 
des i gner can choose the moto r wi th chara cte r i st i cs best 
s u i ted to the requ i rements . A review o f  e l ect r i c  vehicle 
moto r cha r ac�e r i st i cs ( Appendi x  B )  sug�ests that a de ser ies 
moto r was the best cho i ce for a t r act ion mo to r . 
A de se r ies motor  was chosen fo r the d r ive of  the 
Cho remaste r be cause of the high to rque 
fo r start ing heavy loads and because the 
i t  can 
to rque-
Elect r i c  
provide 
speed cha racte r i s t i cs o f  the
. 
ser ies moto r can approximate 
the i deal powe r cu rve . A de se r ies moto r was a l � o  used to 
dr ive the pto and hydraul i cs sys tem because the s e r ies moto r 
can provide h i gh to rque fo r d r i vi ng heavy pto loads at low 
speeds , and be cause cont rol l e r s  we re te chno l o g i cally proven 
fo r only the s e r ies wo und moto r . Cont rol l e r s  fo r compound 
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and sepa r ately e xc i ted moto r s  we re ava i l abl e ,  but these we re 
r-elatively new , unproven and mo re  expens i ve than the s e r i es 
moto r cont rol l er s .  
The mos t  e ffect ive means o f  cont ro l l ing de moto r s  i s  
with a s i l i con-cont rol l ed rect i f i e r  ( SCR) choppe r ( Secunde , 
et a l . ,  1 9 8 3 ) . SCR cont rol l e r s  we re used f o r  both moto r s  i n  
the E l ect r i c Cho remaste r .  These cont ro l l e r s  ope rate by 
switching batt e ry powe r on and off at a f requency high 
enough that
_ 
t he moto r responds to the ave r age value o f  · the 
swi tched vol tage . Fo r instance , i f  the " o n "  t ime and " o f f " 
t imes a r e  equal , the ave rage voltage appl ied to the moto r is  
about one-ha l f  batte ry vo ltage . By adj u s t i ng the rat io of 
" on " and " o f f " t imes , the ave rage vo ltage appl i ed to the 
moto r can be var i ed f rom z e ro to nea r ful l  batt e ry vol tage . 
Sys tem vol tage : 
Three impo r tant facto rs to cons ide r when select ing a 
vehi cle  vo ltage a re safety , efficiency and co st . Typi cal 
batte ry vo ltages used for  smal l elect r i c vehi cles are 36 
vol ts and 4 8  vo lts , with highe r voltages used fo r la rger  
machi nes . Inc r eas ing vo ltage de c reases the cu r rent draw fo r 
a g iven powe r output , whi ch dec reases the co s t  o f  wi r ing , 
the res i st ive ene r gy los ses , and the co st and s i z e o f  moto rs  
and cont rol l e r s . Howeve r ,  increas i ng the vol tage also 
increases the manufactur ing and ma intenance co sts for the 
batte ry , the probab i l i ty o f  batte ry fa i l u r e ,  the batte ry · 
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s i ze and the po tent ial haza r d  f rom elect r i cal  s hock . 
The Nat ional Safety Counci l  ( 1 9 6 9 )  has indi cated 
that a 5 0 0 -vo l t  de system wi l l  produce about the same 
biolo g i cal ef fects as the comme r cial 1 1 5-vo l t , 6 0-H z ac 
system . Both systems shou ld be cons ide red e xt r emely 
dange rous . Fo r i dent ical conditions o f  body contact and 
g ro unding , a l ow-vo l tage de syste� can be cons i de red less 
dange rous t han a high-vo ltage system . Howeve r ,  even a S O ­
vol t  d e  system has the potent i al t o  cause a fatal i ty .and 
must be cons i de re d  dange rous . 
Fo rbes ( 1 9 8 1 )  found that batte ry pe r fo rmance and 
cost we r e  opt imi zed fo r the lowest sys tem vol tage 
cons ide r ed ; 54 vo lts . Howeve r ,  with the low vo l tage , 
elect r i cal  losses  we re h igh , heavy cabl es we re  requ i red fo r 
the h i gh cu r rents , and hi gh-cu r rent components we re 
necessary throughout the enti re system . Fo rbes ( 1 981 ) 
s uggested increas ing system voltage to a round 1 0 0  vo lts . 
Thi s  provi de s  a large improvement in  elect r i cal system 
pe r fo rmance with a relat ively smal l incr ease i n  sys tem co st . 
A commonly re commende d voltage is  96  vol ts , as i t  · i s  a 
conven ient mul t i pl e  of  : standa rd 6 - and 1 2-vo l t  batte ry 
modules , and is cl.ose to the suggested 1 0 0  volts . 
Sys tem vo ltage fo r the Elect r i c Cho remas te r was set 
at 1 2 8  vo lts . I n i t ially , 72 volts was cons i de re d , but the 
advantages o f  lowe r cost , low.er- cu r rent flow , hi ghe r 
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eff i ciency and bette r component avai labi l i ty p rompted the 
dec i s ion to use a vol tage ove r 1 0 0  vol ts . Indu s t r ial g rade 
lead acid batte r i es  we re ava ilable in 2-vo l t  cel l s , so the re 
was no conce rn relat ive to ma inta ining 6 - o r  1 2-vol t  
modules . 
Component e f f i ciencies : 
P ropu l s i on system effi ci ency has a d i rect effect on 
the batte ry requ i rements and ope r at ing range of an e l ect r i c 
vehi cle . With increased effi ci ency , veh i cl e  range can . be 
increased , o r  less  battery is  requ i red fo r the de s i red 
per fo rmance and range . Predict ions are that elect r i c  
vehicle techno l o gy w i l l  advance dramat ically be f o r e  the end 
of the centu ry , resul ti ng in  improved component perfo rmance 
and 6 7 %  bette r ove r a l l  efficiency than presently ava i l abl e 
( Table 8 ) . 
Table 8 .  E f f i ci enc ies o f  elect r i c  vehi cle propu l s ion sys tem 
components ( Ch r i s t i anson , et al . ,  1 9 8 1 ) . 
============================================================ 
Cu r rent 
Technology 
8 1 %  
( cha r g ing)  7 1 %  
( di s cha r gi n g )  7 1 %  
Cha rge r 
Batte ry 
Batte ry 
Mo to r 
Cont ro l l e r  
OVERALL EFF I C I ENCY 
9 0 %  
9 0 %  
3 3 %  
Advanced 
Technology 
9 0 %  
8 2 %  
8 2 %  
9 5 %  
9 5 %  
5 5 %  
The battery tends to b e  most effi c i ent a t  l i ght 
loads , whe reas a moto r i s  most eff i cient when i t  i s  ope rated 
near  rated powe r . In elect r i c  vehi cles , whe re  the moto r i s · 
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powe red f rom a batte ry , this tends to f l atten the o�erall  
system e ff i c iency cu rve . Mos t  o f  the reduced e f f i c i ency o f  
a batte ry ope r ated a t  a h i gh dischar ge rate t a k e s  the fo rm 
of reduced voltage at the te rminals rathe r than reduced 
ampe re-ho u r  capaci ty .  The reduced vol tage causes the mo to r 
to draw mo re  cur rent to compensate , whi ch r educes the 
vol tage s t i l l . fu r the r and forces the cu r rent s t i l l  highe r . 
S ince the ene r gy losses in a moto r a r e  d i rectly propo r t i onal 
to the squ a r e  o f  the cu r r ent 7 this can s ubstant i ally reduce 
the e f f i c i ency of a sys tem . ( Buck and Hughes , 1 9 8 1 ) . 
Power train sizing :  
Two . methods we re used to  s i z e the powe r t r ain 
components o f  the E l e ct r i c  Cho remas te r . I n i t i al ly ,  powe r and - . 
ene rgy requ � rements we re  est imated for  the tas ks l i sted in 
Table 6 .  Feed wagon ope r at ion and the towi ng o f  impl ements 
to and f rom the f i eld we r� seen as the tasks requ i r ing the 
. highest powe r output , the f i rst at low speed and h i gh 
t ract ive e ffo r t , and the latte r at high speed and low 
t ract ive e f fo r t .  Fo r thes e cal cul ations the we i ght of the 
elect r i c cho re  t racto r was assumed to be 5 0  kN . Also , 
ext reme vaiues fo r the coe f f i cient o f  r o l l ing res i stance 
we re used to est imate the pe rfo rmance of the t r acto r in a 
wo r st-case s cenar io . Powe r requ i rements f o r  the cho r e  
tr acto r  we re e s t imated w i t h  the fol lowing equat i ons ( ASAE , 
1 9 8 4 ) : 
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Powe r , kW = ( Ro l l ing Res i stance , kN) x ( Speed , kmlh ) l3 . 6 ,  
Ro l l i ng Res i s tance , kN = 
( We i ght , kN) x ( Coeffi ci ent o f  Ro l l ing Res i s tance ) . 
Ene rgy requ i rements o f  the t r acto r we r e  cal cu lated by : 
Ene r gy , kW-h = ( Power , kW) x ( Time o f  Ope r ation , hou r s ) . 
The powe r requ i rements of the feedlot ope r ation we re 
est imated as s uming a loaded wagon we i ght o f  80 kN , a fo rward 
speed o f  5 kmlh , and a coefficient o f  r o l l ing res i stance of 
0 . 2 5 . 
Ro l l ing Res i stance = ( 5 0 kN + 8 0  kN) x ( 0 . 2 5 )  = 3 2 . 5  kN , 
Powe r requ i r e d  = ( 3 2 . 5  kN ) x ( 5  kmlh ) I 3 . 6  = 4 5  kW . 
The powe r requ i rement fo r the t r avel to the f ield 
and back was est imated assumi ng an impl ement we i ght o f  - 1 0  
kN , · a fo rwa r d  speed o f  3 0  kmlh , and a coe f f i c i ent o f  ro l l ing 
res i stance o f  0 . 0 5 .  
Ro l l ing Res i stance = ( 5 0 kN + 1 0  kN) x ( 0 . 0 5 )  = 5 kN , 
Powe r requ i red = ( 5  kN ) x ( 3 0 kmlh) I 3 . 6  = 4 2  kW . 
The second method of powe r t ra i n  s i z ing was by 
compa r i son with the hydrostatic powe r t ra i n  o f  the Ve r sa t i le 
1 6 0 . Thi s  powe r t ra i n  was des igned to mat ch the i deal powe r 
sou r ce cha racte r i st i cs shown in F i gu re 7 .  Thi s f i gu re shows 
the i nve r se r e l at ionship between vehi cle speed and t ractive 
effo rt  requ i red to produce a constant dr awba r powe r of 4 0  
kW � The de se r ies moto r dr ive was s i z ed to closely match 
the ideal cu rve . The hydros tat ic transmi s s ion · ( Fi gu re 8 )  
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provided a n  exce l l ent approximat ion o f  the i de al cu rve u p  to 
about 6 0  kN t r active effo r t . The elect r ic d r ive ( F i gu re 9 )  
does not app ro x imate the ideal cu rve a s  wel l  as the 
hydros tat i c , but it can provide approximatel y  6 7 %  mo re low­
speed to rque . Thi s  large to rque " back-up " ,  coup l ed w i th the 
added we i ght of the batte ry pack , could g i ve an elect r i c 
cho re  t racto r an impo r tant advantage in  t r act i on and 
mob i l i ty ove r a convent ional t racto r . 
The battery pack was s i z ed to p rovi de ene r gy f o r  one 
full day of l i ght-duty wo r k  on a s ingl e charge . The de s ign 
duty cycle was def ined as three , 1 5-mi nute feeding t r ips 
with the feed wagon and 3 0  minutes o f  road t r avel , and 
resulted in an initial  est imated requ i rement of 5 5  kW- h .  
Howeve r , the phy� ical s i ze of s u c h  a batte ry was mo re 
than cou l d  b e  accommodated on the prototype f r ame . 
The r e fo r e , the requ i rements we re re-est imated us ing only two 
feeding t r i ps ins tead of  three , and thi s prov i ded an 
es timate o f  4 3 . 5  kW-h . Thi s  est imate was deemed acceptable 
because the cal cu lat ions represent a wo r s t-case s i tuation 
fo r  the t racto r in a muddy feedlot . · Mo re typi cal f i gu r es 
fo r the coef f i c i ent o f  roll ing res i stance a re 0 . 1 2 fo r soft , 
sandy so i l s
.
and o . oa fo r f i rm soils  ( ASAE , 1 9 8 4 ) . These 
values wou ld l owe r 
·
the powe r and ene rgy requ i rements of the 
vehi cle by approximately 50 to 7 0 % . The refo r e , unde r no rmal 
condit ions the t ractor would be capable o f  pe r fo rming mo re 
than i ndi cated by the batte ry-s i z ing duty cycl e .  
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Electric Cboremaster configuration: 
The Elect r i c Cho remaste r was develope d  f rom a 
Ve r sat i l e  1 6 0  s e r ies t racto r . The conve r s ion process 
cons i sted of replacing the diesel/hydrostat i c  powe r t r ain o f  
the Ve r sat i le w i th an elect r i c  powe r t rain . Bas i ca l l y ,  the 
fuel tanks , diesel eng ine and hydrostat i c  t ransmi s s ion we re 
repl aced w i th a batte ry , a tract ion moto r ,  a pte/hydraul i cs 
mo to r and two SCR cont rol l e r s , one fo r each moto r .  The 
conve r s i on ut i l i zed many existing vehicle  components ,  
incl uding the cab , loade r , f r ame , gear reduct i ons , b rakes 
and wheel s  of the Ve r sat i l e . The cab was rai sed 
appro ximate ly 15 em to al low insta l l at i o n  of the 
pte/hydraul i cs moto r ,  the three-speed gea r bo x  was ro tated to 
faci l i tate instal l at ion of the t r act ion moto r , and the f rame 
was s t rengthened to suppo r t  the mas s  o f  the batte ry pack 
( Lat i f ,  1 9 8 5 ) . 
The powe r t rain o f  the Elect r i c  Cho r emaste r was 
s i zed to be equ ivalent to the diesel/hyd ro stat i c  powe r t r ain 
o f  the Ve r sat i le 160  in te rms o f  o u tput powe r 
characte r i st i cs ( F i gu res 8 and 9 ) • Th i s  approach 
faci l i tated compar i son tes ting 
Cho remaste r · and a Ve r sat i le 1 6 0 , 
between the E l e ct r i c  
s ince both veh i cl es have 
s imi la r  cha r acte r i st i cs and sho r t-te rm capaci t i es and can be 
expected to pe r f o rm the same tas ks . 
I ndu s t r ial g rade lead-acid batte r i e s  we re  used to 
powe r the E l e ct r i c  Cho remas te r .  The pack cons i sted o f  two , 
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3 2 -cell  blocks , with a total nominal ope rat ing vo ltage o f  
1 2 8  vol t s . They provided a total batte r y  capa c i ty o f  3 4 0  
A-h a t  the s i x  hou r  d i s charge rate , o r  4 3 . 5  kW-h . The 
expected l i fe o f  the batte ry pack was 1 5 0 0  cyc les , o r  
app ro x imately . 4 yea r s  o f  da ily usage . Each batt e r y  block 
was 0 . 8 9 m in l ength , 0 . 5  m in width , and 0 . 5 9 m i n  depth . 
The total batte ry mass was 1 8 5 0  kg , and the effect ive ene r gy 
dens i ty was appro ximately 2 4  Wh/kg . The batte ry pack was 
s i zed to p rovide ene rgy fo r approximately four  to s i x hou rs 
o f  l i ght duty wo r k  on a s i ngle charge . 
Battery cha rge level was measu r ed by e l e ct rolyte 
spe ci f i c  g r av i ty . The spe c i f i c  g ravi ty i n  two p i l o t  ce l l s , 
one in  each batte r y  block , was obse rved on a da i l y  bas i s , 
and the spe c i f i c  g ravity o f  the elect ro lyte in  all  o f  the 
cel l s  was meas u red once pe r month . . The batte ry was 
recharged when the spec i f i c  g ravity ind i cated that the 
battery cha r ge had been reduced to appro ximately 2 0 %  of its 
nominal rat i ng . The batter ies we re recha r ge d  w i th a 2 2 0 -
vol t , 5 0-amp , 6 0-H z  a c  charge r . Thi s cha r g e r  automat ical ly 
tape red the cha r ge rate as the batte ry nea r ed f u l l  charge . 
Recha r g i ng cou l d  take · up to ten hou r s ; depending on the 
f inal d i s cha r g� s tate of the battery pr io r to · r e charg ing . 
I ns t r umentat ion and auxil iary powe r for · the t racto r 
was suppl ied by a 1 2 -vo l t , deep-cycl e lead-ac i d  batt e ry . 
Thi s battery was completely sepa rated f rom the ma in battery 
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pack and s e r v i ced and charged independently . No rmal ly this 
power wou l d  be s uppl ied by a 1 2 8- to 1 2-vo l t  conve r te r , but 
the cos t  and compl e x i ty of these devi ces prevented the i r  use 
on the e lect r i c t racto r prototype . 
The t r act ion moto r sel ected was a s e r ies-wound 
moto r wi th a one-ho u r  rating of 36 kW . Because the elect r i c  
moto r i s  r ated acco rding t o  its abi l i ty t o  d i s s ipate heat , 
i t  can prov i de s ubs tant ially mo re powe r for s ho r t  pe r iods o f  
t ime ( F i g u r e  1 0 ) . Th i s  elect r i c moto r has a f ive-minute 
rat ing of 71 kW , and a one-mi nute rat i ng of 1 0 2  kW . 
Tract ion moto r char acte r i st i c  cu rves are shown in  F i gu re 1 1  
for compar i son w i th the hydrostat i c  output curves  s hown in 
F igu re 1 2 . 
The pto and hyd raul i c  pump are d r i ven by another 
s e r ies wo und mo to r . This  moto r has a one-ho u r  rating of 
17 . 5  kW ( F ig u r e  13 ) , and was chosen fo r the low-speed to rque 
and powe r it can p rovide for star t i ng heavy pto loads 
. ( F i gu re 1 4 ) . Mechan i cal powe r is  t r ansmi tted thro u gh a belt 
d r iven pu l l ey to the hydraul i cs sys tem , whi ch is unchanged 
f rom that p rovided on the Ve rsat i le 1 6 0 . 
A 1 2 -vo l t  de blowe r was connected to each moto r to 
cool  the moto r whi ch increases the length of t ime it can 
ope rate at a g iven load . The se blowe r s  we re powe r e d  by the 
12-volt aux i l i a ry battery and can supply approx ima tely 0 . 0 5 
cub i c  mete r s  pe r second of · coo l i ng a i r . to the moto r s . Both 
moto r s  used the rmal switches to cont rol  winding 
tempe r atu res . 
tempe r at u r e  
blowe r . A 
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A no rmally-open swi tch closed when the moto r 
reached 6 0  deg rees Cel s ius to t u r n  
no rma l l y-closed swi tch opened a t  1 4 0  
o n  the 
de g rees 
Cel s ius to o pen the moto r cont ro l c i r cu i t  and s top moto r 
ope rat ion , whi ch prevents high tempe ratu re damage to the 
moto r . 
Two SCR cont ro l l e r s  we re used to regu l ate the speed 
of the two moto r s . These cont ro l l e r s  regu late the ave rage 
vo ltage suppl i e d  to the moto �s  by a comb i nation of f requency 
and pulse  wi dth modulat ion . The pte/hyd r aul i c  moto r 
cont ro l l e r  was sepa rate from the t raction moto r cont ro l l e r , 
whi ch provides  the ope rato r independent contro l o f  pto and 
vehicle speed .  
The cont ro l l e r  for the t ract ion moto r had the 
addit ional �eatu res of a reve rs ing swi tch and a bypass 
contacto r .  The reve r s ing switch al lows s tepl e s s  speed 
cont rol in e i the r di rect i on and prov i de s  fo r " pl u gged " 
b rak ing o f  the veh i cle . The bypass contacto r i s  used to 
provide maximum powe r afte r the SCR cont ro l l e r  has reached 
1 0 0  pe r cent o f  i ts capacity .  The bypas s  contacto r i s  
automat i cally ope r ated and can improve e f f i c i ency and total 
powe r output · by el iminating the i nhe rent i nef f i c i ency 
associated w i th providing powe r through the SCR � 
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TEST PROCEDURES 
Fou r ,  cho re-type duty cycles  we re  e s tabl i shed to 
quant i tat ive ly evaluate the pe rfo rmance o f  the E l e ct r i c  
Cho remaste r .  The ope rato r qual i tat i vely assessed vehicle 
pe r fo rmance and noted des i gn def i ciencies whi l e  condu cting 
this quant itative duty cycl e test ing . 
The f i r st three duty cycl es we re  es tabl i shed for 
compa r i son test ing between the El ect r i c  Cho r emas te r and a 
Ve rsat i le 1 6 0  r ented f rom a �earby farm . M i l i ta r y  Standa rd 
MIL-STD-26 8C ( USDOD , 1 9 6 3 ) provided the bas i c  fo rmat fo r the 
three rout ine s . To provide a high degree o f  repeatab i l i ty 
fo r both t r acto r s , these three cho r e  r o u t i nes we re 
s impl i f ied as much as poss ible . The two t r acto r s  we re 
compared on the bas i s  of ene rgy used and cos t  of ene r gy used 
pe r tas k . . Al l tas ks we re repl i cated .at l eas t f ive t imes 
wi th each t racto r . Both tracto rs we re  ope rated at the same · 
speed , and each repl i cation was timed to ens u r e  that the 
t racto r s  we re  ope rated at s imi lar speeds . 
Ene r gy drawn f rom the battery o f  the Elect r i c  
Cho remaste r was measu red with a d e  k i lowatt-ho u r  ·mete r . The 
ene r gy mea s u r ements w·e re divi ded by 0 .  7 0  to acco unt for 
losses in  batte ry charg i ng . Fuel · consumpt i o n  of  the 
Ve rsat i l e· 1 6 0  was measured with a g r aduated cyl inde r . 
Ene rgy content o f  the fuel used fo r the tes t i ng was meas u r ed 
· us ing a bomb ca lo r imete r , and the ene r gy content was found 
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t o  b e  approx imately 4 5 , 2 5 0  k J  I kg , whi ch i s  wi thin the 
range spe c i f i e d  by the Society of Automo t ive Eng inee r s  
( 1 9 8 5 ) . The output o f  the engine on the Ve r sat i le was 
measu red to ens u r e  that the t racto r was in goo d  r unning 
condi t ion and that its pe r fo rmance was compa rable to that 
repo rted by the manufactu rer . 
The f i r s t  duty cycle was a loade r-use rout i ne fo r 
whi ch a s teel pl ate we ighing appro x imately 7 . 8  kN was placed 
in  the loade r . The we ight was raised to a hei ght o f  th ree 
mete r s  and ·then lowe red , ten t imes pe r rout ine . Sever al 
eng ine speeds , rang ing f rom 1 2 0 0  to 2 0 0 0  rpm ,  we re  t r ied fo r 
the Ve r sat i l e  1 6 0  to f i nd _ the most e f f i cient s e tt ing . 
The se cond cho re  rout ine was a s top-start  dr iving 
cycl e with the · 7 . �  kN we i ght remaining i n  the loade r and the 
loade r he i ght f i xed . Both tracto r s  we re  d r i ven through an 
8 0 0  meter  cou r s e  with fou r  stop/sta r t  po i nts , two o bs tacles 
to stee r between , 
sho r t  segment o f  
a segment of  g rade with 1 0 %  s lope , and a 
ve ry ro ugh te r r ain · ( F i gu re 1 5 ) . The 
te r rain and manuve r i ng res t r i cted top speed to s e cond gear  
fo r both t racto r s . 
The thi r d  routine was a l i ght h�ul ing tas k i n  which 
a 1 0 0-bus hel g rain wagon loaded with 2 5 4 0  k g  o f  co rn was 
pul l ed a round a 12 0 0-rneter roadway . Var i ous road s u r f aces , 
slopes and tu rns we re  incl uded ( F igure 1 6 ) • Thi s  t a s k  was 
pe rfo rmed in thi r d  gear · at full powe r t ra i n  l oading , and 
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F i g u r e  1 5 . Stop-start dr iv ing · duty cycl e .  
1 .  Sta r t  and end po int . 
2 .  F i r s t  stop . 
3 .  F i r st obstacle . 
4 .  Second obstacl e .  
5 .  Ten mete r incl ine , 1 0 %  slope . 
6 .  Stop and rever s e .  
7 .  Stop and proceed forward . 
8 .  Approx imately 1 0 0  m r ough grave l road . 
9 .  Fo u r th stop . 
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repeated i n  s e cond gear  to inves t i gate the e f fects o f  
par t i a l  powe r t r a i n  loading . The d i es e l  t ra cto r was most 
e f f i c ient i n  thi r d  gear , therefo r e , thi s  tes t was used fo r 
the compa r i so n . 
Cos t  . compa r i sons assumed $ 0 . 3 7 I L di esel fuel , a 
$0 . 0 6 I kW-h no rmal elect r i ci ty r ate , and a $ 0 . 0 4 I kW-h 
o ff-peak elect r i city r ate . Thi s  compa rat i ve eval uation i s  
based on ene r gy co sts that would b e  r eal i zed b y  the farm 
ope rato r .  These ene r gy analyses do not cons i de r  the losses 
in  produ c i n� or t ranspo r ting ene rgy . 
A fou rth duty cycle was establ i shed to eval uate the 
effects of batte ry tempe ratu re and s tate o f  batt e r y  charge 
on vehi cle  pe r �o rmance . The t racto r was d r iven a ro und s· km 
of paved roadway once a day .through two cha r ge-d i s cha r ge 
cycl es . The data reco rded included : i n i t ial  batte ry 
tempe rat u r e  and elect rolyte speci f i c  g r av i ty , ene r gy dr awn 
f rom the batt e ry , and t ime taken to compl ete the 5-km 
cou r s e . Spe ci f i c  g r avity of the battery el ect ro lyte was 
used to dete rmine the level of charge in t he batte ry . 
Through the f i r st charge cycle , the t r acto r · was pa rked · 
ins ide a bu i ld i ng maintained at a tempe r atu re  o f  about · 2 0  
deg rees Cel s i u s . · Fo r the s e cond charge cycl e , the t ractor 
was left outs i de , and the initial batte ry tempe ratu r e  fo r 
this  cycle ranged f rom -3 to 1 0  degrees Cel s i us . Mul t i pl e  
regress ion analys i s-o f-va r i ance was u sed to s tat i s t i cally . 
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evaluate the e f fects o f  battery tempe rat u re and char ge . level 
on the t ime taken to complete the duty cycle and on the 
pe rcentage o f  battery capacity used to compl ete the cycle . 
RESULTS AND DISCUSSION 
Quantitative � cycle results : 
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The E l e ct r i c  Cho remaste r used 5 7  t o  7 6  % l es s  ene rgy 
and demons t rated 1 3  to 6 7  % lowe r  on-farm ene r gy co sts than 
the Ve r sat i l e  1 6 0  in the compa r i son tes t i ng ( Table 9 and 
Table 1 0 ) . These results we re compa red s tati s t i cally using 
the Student ' s  t-tes t ,  and we re found to be s igni f i cantly 
different at the 0 . 0 1 probabil ity level . F i ve r epl i cati ons 
we re pe r fo r�ed , and the compl ete data are l i sted i n  Appendix 
A.  
Table 9 .  E l ect r i c Cho remaste r ve r s us Ve r sa t i l e  1 6 0  
diese l , ene r gy use compa r i sons . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Tas k  
Loade r­
Use 
Rou t i ne 
Stop-Sta r t  
Dr i ving 




Mean Ene rgy Us e 
Pe r Repl icat ion 
Diesel Electric 
4 . 7 9 MJ 2 . 0 5 MJ 
1 4 . 1 3  MJ 3 . 3 8 MJ 
1 6 . 5 0 MJ 6 . 7 5 MJ 
On-Farm 
Ene r gy 
Savings 
5 7 %  
7 6 %  
5 9 %  
Table 1 0 . 
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E l ect r i c  Cho remaste r ve r s u s  Ve r sati l e  1 6 0  
diesel , ene r gy cos t  compa r i sons . 











Mean Ene r gy Cost Pe r Repl i ca t i on 
Elect r i c  E l e ct r i c 
Diesel Normal Rate Off-Peak 
$ . 0 3 9 0  $ . 0 3 4 1  $ . 0 2 2 7 
$ . 1 1 5 1  $ . 0 5 6 4  . $ . 0 3 7 6 




1 3 - 4 2 %  
5 1-67%  
1 6 - 4 4 %  
In the loade r u s e  and g r a i n  haul ing tes t cycles  the 
diesel t racto r was ope rated at the high�s t e f f i ciency 
pract i cal by gea r select ion and by adj ust ing the throttle 
setting . The s av i ngs  provided by the elect r i c  t racto r a re 
s imi lar  in  thes e tas ks , suggest ing that the diesel  t racto r 
eff ic iency was also s imi lar . In the s top- s t a r t  duty cycle 
the throttle setting and gear cho i ce we re  es sentially 
di ctated by the test cou rse . The ope rato r cou l d  not be 
expe cted to shift  gea r s  alte rnately be tween h i gh to rque and 
low to rque s i tuat ions ove r a duty cycle l ast ing 
app ro x imate.ly 3 to 4 · m inutes in typi cal f a rm ope rations . 
H ighest s avings · fo r the elect r i c  t r acto r r e l a t i ve to the 
diesel a re repo rted f o r  the stop-sta r t  cycl e ,  indi cating 
that the e ff i ci ency o f  the diesel t racto r was cons ide r ably 
lowe r than in the other two cycles � The res utts  f rom the. 
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s top-s tart cycle may provide a bette r est imate o f  the 
savings provided by an elect r i c  t racto r , because in  actual 
farm wo r k  the diesel t racto r w i l l  not always be ope rated 
with i n  the nar row speed band whe r e  top e f f i c iency i s  
achieved . 
The g r ai n  haul ing tes t cycle was pe r fo rmed i n  second 
and thi rd gear with both t racto r s . The d i esel t ractor was 
mos t  e f f i c ient in thi r d  gear , the refo re , this was the test 
used fo r the ene r gy and co s� compa r i son . In s e cond gear the 
e f f i c i ency o f  the d iesel t racto r was cons i de rably lowe r , as 
indi cated ' by a 4 5 %  increase in ene r gy use ( Table 1 1 ) . 
Howeve r , the change in elect r i c  t racto r ene rgy use between 
second and thi r d  gea r was les s  than 1 % . Thi s  indicates that 
the level of powe r t r ain loading affected the pe r fo rmance of 
the diesel . t racto r , but was negl i g ible for  the elect r i c  
vehi cl e . The impl i cation i s  that the elect r i c t racto r has a 
relat i vely h i gh effi ci ency ove r a wide r  ope rat ing range , 
when compa red to the diesel unit , as i n i t i al l y  s u g gested in  
F i gu re 6 .  
Table 1 1 . Effects of  powe r train l oading l eve l on 
ene r gy use of Elect r i c . Cho remas te r ve r s us 
Ve r sat i l e  1 6 0  diesel . 
= � = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Mean Ene rgy Use pe r Repl ication 
I Second Gear I Third Gear I ��t��nt Cbang� 
I I I 
Diesel I 2 3 . 9 3 MJ I 1 6 . 5 9 MJ I 4 5 %  
I I I 
E lect r i c I 6 . 7 8 MJ I 6 . 7 5 MJ I 0 . 4 % 
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The analys i s-o f-va r i ance pe r fo rme d o n  the data 
col l ected in the fou r th duty cycle ( the batte ry pe r f o rmance 
evaluat ion cycl e )  shows that as batt e r y  e lect rolyte 
tempe r atu r e  dec reased , the t ime requ i red and the pe r centage 
of battery capac i ty used to compl ete the duty cycle 
increased s i gni f i cantly at the 0 . 0 1 probab i l i ty level . 
These results  demonst rate that fo r co l d  weathe r ope r ation 
improved pe r f o rmance can be expe cted by protect i ng the 
vehi cle f rom col d  tempe ratu res . Howeve r ,  i t  i s  not kn·own 
whethe r thi s  improvement was due to a h i ghe r batte ry 
d i s char ge e f f i ci ency or to lowe r dr ive t ra i n  losses  at 
warme r tempe ratu res . Mo re deta iled tes ts a r e  needed to 
dete rmi ne the e ffects of co ld tempe ratu r e  on individual 
powe r t rain components . 
Thi s  te st also showed that as batte ry cha r ge level 
was reduced , ne i the r  the time requ i red no r the pe r centage of 
batte ry capacity used to compl ete the duty cycl e inc r eased 
s ignif i cant ly at the 0 . 0 5 probab i l i ty level . Howeve r ,  the 
t ime requ i red to compl ete the duty cycle d i d  incr ease as 
char ge level was reduced ( s ign i f i cant at · the 0 . 0 6 
probab i l i ty level ) . These resu l ts s how that as  batte ry 
charge leve l dec reases , vehicle speed also de� reases but the 
amount o f  · batte ry ene rgy requ i red fo r a pa r t i cu l a r  tas k does 
no t change . The resul ts of  the analys i s-o f-va r i ance a re 
summar i z ed i n  Appendi x A .  
6 4  
Qualitative qbseryations : · 
Du r ing the testing proces s , the E le ct r i c Cho remaste r 
p roved e ff e ct ive at pe r fo rming the speci f i ed duty cycl es , 
and battery capaci ty was not a l imi tat ion fo r these tes ts . 
Ope rat i ng t ime pe r batte ry cha rge was the p r i ncipal 
l imi tat ion e xpected fo r us ing elect r i c  vehi cles in 
agr i cu l tu r e . Fou r  des ign def i ci encies we re  noted , whi ch 
pe rtain uniquely to this prototype and are  not neces s a r i ly 
indi cative o f  e l e ct r i c  vehicle capabi l i t i e s . 
The f i r s t  problem was the high cente r -o f-g r avity o f  
the veh i cle . Thi s  res u l ted f rom pl aci ng the batte ry pack 2 5  
em above the veh i cl e  axl es , whi ch r ai se d  the center-of­
g r avity app r o x imately 13  em f rom that o f  the o r i g fnal 
vehicle ( Lat i f , 1 9 8 5 ) . · Batte ry mas s  cou l d  be u sed as an 
advantage fo r stab i l i ty and traction . if  p rope r l y  located . 
The r efo r e , fo r futu re  deve lopments it  i s  propo sed that the 
battery mas s  be placed as nea r to the g round as pos s ible 
wi thout exce s s ively rest r i cting the vehi cle  g round 
clea rance . 
The s e cond problem was caused by u s ing the se r ies­
wound moto r to powe r the · hydraul i cs .  E l e ct r i c  moto r speed 
decreased and increased dramat i cally in  response to changing 
hydraul i c  sys tem demand . When hydraul i c  and pto powe r we re 
not needed , the ope rato r would reduce the powe r ava i l able to 
the SCR to l im i t  the moto r speed . Then , when hydr au l i c . 
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power was needed f o r  stee r i ng ,  the SCR cont ro l l eve r had to 
be adj u s ted so that steer ing co uld be accompl ished 
effi ciently and safely . Thi s  problem has been co untered by 
instal l i ng a feedback system to ma inta in a set  moto r speed 
( Helde r , 1 9 8 5 ) . 
The thi r d  problem resulted f rom d r i v i ng the pto and 
hyd raul i c  systems f rom the same moto r . Ope rato r cont ro l  i s  
needed for  the pto , · but the hydrau l i c  system r equ i res power 
ava i l abi l i ty on demand . The recommended mod i f i cation fo r 
this wou l d  be to separate the two systems and i ns tall a 
thi r d moto r to provide powe r fo r the hydr au l i c  pump . Thi s  
moto r cou l d  b e  cont rolled with a hyd r aul i c  p r es s u re sens ing 
sys tem to p rovi de hyd raul i c  powe r on demand . 
The fou rth problem noted was the coas ting effect 
encountered , . when t r avel ing with the cont r o l  l eve r left in 
the ne ut ral pos i t i on . In o rde r to s top the t r act o r  the 
ope rato r mus t  e i the r reve r se the t r act ion moto r to provide 
pl ugged b r a k i ng o r  use the transmi s s ion b r a k e . Ope r ating 
expe r ience has shown that coas ting is an undes i rable and 
po tent i a l l y  dange rous feature , but that the ope rator can . 
learn to compensate by _car e ful cont rol adj ustments . Fu r the r 
wo r k  is  needed to develop controls  whi ch l imit  unwanted 
coast ing . 
One fu r the r obse rvat ion stemming f rom expe r i ence 
with · thi s veh i cl e  is · a conce rn fo r safety w i th the 
electr ical components .  Despite the precaut i ons taken by the . 
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des i gn g roup , inadve rtant contact wi th h i gh voltage 
components did  o ccu r .  Al though none o f  these i nci dents we re 
se r ious , the potent ial for  se r ious inj u ry was present . 
Safety and l iabi l ity must be impo rtant cons i de rat ions fo r 
any futu re development of an elect r ic  veh i cle fo r the 
ag r i cu l tu ral mar ket . 
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CONCLUSIONS 
A battery-powe red t racto r s u i table fo r ag r i cu l tural 
cho r e  and ut i l i ty routines has been cons t r ucted and i s  
cu r rently unde r evaluat ion . Thi s  vehi cle was conve r ted f rom 
a convent ional Ve r s at i l e  1 6 0  t racto r u s i ng technolo g i cally 
proven and comme r c i al ly ava i l able compo nents . Fou r  
s impl i f i e d  s teps used in  the des i gn process fo r t h i s  vehicle 
we re : 1 )  def i ne the requ i rements o f  an agr i cu l tu r al e l ect r i c  
vehi cle , 2 )  specify gene ral f rame , d r i ve and s tee r ing 
opt ions , 3 )  s i ze and select powe r t r a i n  components , and 4 )  
i nteg r ate powe r t r ain components into a prototype f r ame . 
The E l e ct r i c  Cho remaste r i s  · a fou r -wheel · dr ive , 
a r t i culat ion-stee red vehi cl e  with a reve r s i b l e  ope r ato r 
conso le . A 3 6 - kW rated de ser ies mo to r d r ives the E l ect r i c  
Cho r emas te r , . and ene r gy i s  s uppl ied by a 6 4-cel l ,  1 2 8 -vol t  
indu s t r ial l ead-acid batte ry pack s i zed t o  provide 4 3 . 5  kW-h 
o f  ene r gy .  The powe r train o f  the Elect r i c  Cho r emast e r  was 
des i gned to closely mat ch the hydrostat i c  powe r t rain output 
of the Ve r s a t i l e  1 6 0  in te rms of t r active e f fo r t  and speed.  
The f i r s t  phase o f  vehicle tes t i ng has been 
completed . Compa r i son t�sts between the Elect r i c  Cho r emaster 
and a Ve r sat i l e  · 1 6 0  documented that the elect r i c  vehi cle 
used s igni f i cantl y  less  ene r gy and had lowe r on- f a rm ene rgy 
cos ts than the diesel un it . The E l e ct r i c  Cho r ernas ter 
requ i red 5 7  to 5 9% less  ene rgy and cos t  1 3  to 1 6 %  l es s  to . 
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ope rate compa red to the diesel , fo r the tas k s  i n  whi ch the 
diesel t racto r pe r fo rmance was opt imi zed , a s s uming diesel 
costs $ 0 . 3 7 I L and elect r i ci ty $ 0 . 06 I kW- h . The ene r gy and 
cos t  s avings we re  7 6 %  and 5 1 % , respect i vely , f o r  t he tas k in  
whi ch the load was  not wel l-matched to  the powe r ava i labl e 
f r om the t r acto r s . The elect r i c  vehi cle  was s hown to have 
h i ghe r e f f i ciencies ove r  a wide r  range o f  speeds and to rques 
as compared to the diesel t racto r . Fou r  de s i gn de f i c iencies 
of the Elect r i c  Cho remaste r we re noted and sugges t i ons we re 
made to co r rect these . 
Bat�e ry pe r fo rmance tes t ing showed that as batte ry 
tempe ratu re  
ene r gy used 
decreased , the t ime requi red and the amount of  
to  compl ete a speci f ied tas k increased 
s i gni f i cantly . As batte ry charge level dec r eased , the t ime 
requ i red to pe r f o rm the tas k increased and the amount o f  
ene r gy used d i d  not change s i gni f i cantly . 
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Table 1 2 . E l ect r i c Cho remaste r ve r s u s  Ve r sat i l e  1 6 0  
diese l , · data taken i n  compa r i s o n  tes t ing fo r 
tas k no . 1 ,  loade r  use rout i ne . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Ver sa t i l e  1 6 0 : 
Replication Fuel Used Time 
1 1 2 0  rnL 2 '  4 5 " 
2 1 2 5  mL 2 '  3 6 " 
3 1 2 0  rnL 2 '  4 1 "  
4 1 2 5  mL 2 '  3 4 "  
5 1 2 5  mL 2 '  3 8 "  
mean 1 2 3  mL 2 '  3 9 "  
s . d . 2 . 7 4 
Elect r i c Cho remaste r :  
Replication Energy Used Time 
1 0 . 4 0 - kW-h 2 1  3 2 "  
2 0 . 3 9 kW-h 2 1  2 8 " 
3 0 . 4 1 kW-h 2 I 3 0 "  
4 ' 0 . 4 0 kW-h 2 1  2 6 " 
5 0 . 3 9 kW-h 2 I 2 5 " 
mean 0 . 3 9 8  kW-h 2 1  2 8 "  
s . d . . 0 0 8 37 
Table 1 3 . E l e ct r i c  Cho remas te r ve r sus Ve r s a t i l e  
diesel , data taken in · compa r i so n  tes ting 
tas k no . 2 ,  stop-sta r t  d r iving cycl e .  
= = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Ve rsatile  1 6 0 : 
--�R�e�p�l._i�c�a�t�i�oun�------�F�u�e�l �u�s�e�dL-------�Twi�mwe��� 
1 3 6 5  mL 3 1  3 5 " 
2 3 6 0  mL 3 1 3 4 "  
3 3 6 0  mL 3 1  3 1 " 
4 3 6 5  mL 3 1  3 2 "  
5 3 6 5  mL 3 1  2 6 " 
mean 3 6 3  mL 3 1  3 2 "  
s . d . 2 . 7 4 
Elect r i.c Cho remaste r : - . 
Replication Energy .li!U�s�eud..._ ____ __..eT ...... i�.��mwe ___ _ 
1 0 . 6 6 kW-h 3 '  2 0 " . 
2 0 . 6 6 kW-h 3 '  2 5 " 
· 3 0 . 6 5 kW-h 3 '  1 8 " 
4 0 . 6 7 kW�h 3 1  2 8 "  
5 0 . 6 5 kW-h 3 '  2 6 " 
mean 0 . 6 5 8  kW-h · 3 1 2 3 " 
s . d . . 0 0 8 3 7  
1 6 0  
fo r 
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Table 1 4 . E l ect r i c  Cho remaste r ve r s us Ve r s a t i l e  1 6 0  
diesel , qat a taken i n  compar i s o n  test ing fo r 
tas k no . 3 ,  g r a in haul ing routine , s e cond gear . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Ve r sati l e  1 6 0 : 
____ R�e�p�l--i�c�a�t�i�o�n�------�F�u�e�l �U�s�e�d--------�T-iumwe�---
1 6 1 5 mL 6 '  2 4 "  
2 6 0 5  mL 6 '  1 0 " 
3 6 1 0  mL 6 '  0 8 "  
4 6 3 0  mL 6 '  0 3 "  
5 6 1 5  mL 
mean 6 1 5  mL 
s . d .  2 . 7 4 
Elect r i c Cho remaster : 
6 '  1 1 "  
Replication Energy �U�s�e�d ________ T�ium�e�---
1 1 . 3 9 -kW-h 5 '  5 7 " 
2 1 . 3 0 kw-h s •  5 6 " 
3 1 . 3 1 kw-h 5 '  5 1 " 
4 ' 1 . 2 8 kW-h 5 '  SO " 
5 1 . 3 1 kW-h 5 1  4 8 "  
mean 1 . 3 1 8  kW-h 5 1  5 2 " 
s . d . . 0 4 2 1  
Table 1 5 . E l ect r i c  Cho remas te r ve r s u s  Ve r sat i le 1 6 0 
diese l , data taken in compar i so n  tes t ing fo r 
tas k no . 3 ,  g rain haul ing rou t i ne , thi r d gear . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = = 
Ve r sat i l e  1 6 0 : 
Replication Fuel Used Time 
1 3 9 5  mL 4 '  47 " 
2 4 2 5  mL 
3 4 2 5  mL 4 '  3 8 "  
4 4 5 5  mL 4 '  4 6 " 
5 4 2 0  mL 4 '  3 9 " 
mean 4 2 4  mL 4 '  4 3 " 
s . d . 2 1 . 3 3 
Elect r i c  Cho r emaste r : · 
Replication Energy �U�s�e�d ________ T�i�m�e�---
1 1 . 32 kW-h 4 1  3 9 " . 
2 1 . 3 3 kW-h 4 '  3 3 " 
·3 1 .  3 0  kW-h 4 1 3 7 n 
4 1 . 2 9 kW-h 4 '  3 4 " 
5 1 . 3 2 kW-h 4 '  3 7 "  
mean 1 . 3 1 2  kW-h · 4 '  3 6 " 
s . d . . 0 1 6 4  
Tab l e  1 6 . Bat te ry pe r fo rmance cycl e  data . 
= = = = ==== = = = = = = = = = = = = = = ================================== = == = = ========= 
� battery charge-discharge 
Dat e I Nov . 9 Nov . 1 0  Nov . 1 2  
· Temp I 0 C -5 C +1 C 
W i nd . I 1 5  mph 1 5  mph a · mph 
I n i t i a l : I 
s .  G .  I 1 2 6 0  1 2 4 5  1 2 2 5  
Temp I 2 3  C 2 2  C 2 0  C 
Test : I 
kW-h r s  I 3 . 9 0 3 . 9 9 3 . 8 7 
Time I 1 2 1 1 0 "  1 2 ' 1 6 " 1 2 ' 1 1 "  
F i nal : . 1 
cycle : 
Nov . 1 3  
+ 3  c· 
1 2  mph 
1 2 1 0  
2 0  c 
3 . 8 5 
1 2 1 2 1 "  
Nov . 1 5  
- 3  c 
2 7  mph 
1 1 6 0  
2 4  c 
4 . 0 1 
1 2 1 5 3 " 
s .  G .  I 1 2 4 5  1 2 2 5  1 2 1 0  I 1 1 9 5 I 1 1 4 0  




I n i t i a l : 
S .  G .  
Temp 
Tes t : . 
kW- h r s  
T ime 
F i nal : 
I I J I 
CQld battery charge-discharge cycle: 
Nov . 2 0  I Nov . 2 1  I Nov . 2 2  I Nov . 2 4  
- 1  c 1. - 2  c I + 3 c I + 8  c 
1 4  mph I 1 8  mph I 8 mph I 9 mph 
1 2 7 0  
- 2  c 
5 . 3 0 
1 3 1 4 3 " 
1 2 5 0  
- 3  c 
5 . 3 7 
1 3 1 5 0 "  
1 2 3 0  
- 2  c 
4 . 7 0 
1 3 1 1 5 " 
1 2 1 0  
+ 3  c 
4 . 3 5  
1 3  1 0 0 "  
Nov . 2 5  
1 1  c 
1 5  mph 
1 1 9 0 
1 0  c 
4 . 2 4  
1 3 1 0 2 "  
Nov . 2 6  
+2 c 
1 3  mph 
1 1 6 5  
+7 c 
4 . 7 2 
1 3 1 5 8 "  
s .  G .  I 1 2 5 0  I 1 2 3 0  I 1 2 1 0  I 1 1 9 0  I 1 1 6 5  I 1 1 4 0  
Temp I +3 c I +2 c I +6 c I + 6  c . I 1 2  c I + 9  c 
L _ _  � _ _ _ _ _  l_ I I I I I 
..... 
U1 
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Table 1 7 . Effect s  o f  batte ry tempe ratu r e  and char ge l evel o n  
t ime taken t o  complete the batte ry pe rfo rmance 
eva luat ion cycle . 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
Maximum R-Square improvement fo r dependent va r i ab l e  " time " . 
Step 1 :  Independent va r i able " tempe ratu r e " ente r ed . 
R-Square = 0 . 7 0 3  
SOURCE 
Model 
E r ro r  
TOTAL 
I nte r cept 
Temperatur� 





3 . 1 8 6  
1 . 3 4 4  
4 . 530 
Beta-value 
1 3 . 5 7 9  
-0 . 053 
MSE 
3 . 1 8 6  
0 .· 1 4 9  
Std. error 
0 . 012 
F 
2 1 . 3 4 
F 
21 . 34 
Step 2 :  ' Independent va r iable " char ge-leve l " added . 
R-Squa re = 0 . 8 1 7  
SOURCE 
Model 
E r r o r  
TOTAL 
Inter cept 
Tempe r atu r e  
Charge-level 





3 . 7 0 0  
0 . 8 3 1  
4 . 530 
Beta-value 
1 3 . 5 7 9  
- 0 . 0 5 8  
-0 . 948 
MSE 
1 . 8 5 0  
0 . 1 0 4  
Std. error 
0 . 0 1 0  
0 . 426 
F 
1 7 . 8 2 
F 
3 4 . 8 2 
4 . 95 
PR>F 
0 . 0011 
PR>F 
0 . 0 0 0 4  
0 . 0568 
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Table 1 8 . E f fe cts o f  batte ry tempe rature  and cha r ge l evel on 
ene r gy u se� to complete the batte r y  pe r fo rmance 
evaluation cycl e .  
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = =  
Maximum R-Square improvement fo r dependent va r i able " use " . 
Step 1 :  Independent var i able " tempe r atu r e " ente r e d .  
R- Squa re = 0 . 8 3 1  
SOURCE 
Model 
E r ro r  
TOTAL 







2 . 5 9 8  
0 . 52 7  
3 .124 
Beta-value 
4 . 9 4 2  
-0 . 048 
MSE 
2 . 5 9 8  
0 . 0 5 9  
Std. error 
0 . 007 
F 
4 4 . 3 9 
F 
44 . 39 
Step 2 :  · Independent var i able " charge-level " adde d . 
R-Squa re  = 0 . 8 3 9  
SOURCE 
Model 
E r ro r  
TOTAL 
I nte r cept 








2 . 6 2 2  
0 . 5 0 2  
3 . 124 
Beta-value 
4 . 8 0 7  
- 0 . 0 4 7  
0 .206 
MSE 
1 . 3 1 1  
0 . 0 6 3  
Std. error 
0 . 0 0 8  
0 . 331 
d . f deno tes deg rees o f  f reedom . 
SSE deno tes the s um o f  squa red e r ro r . 
F 
2 0 . 8 8 
F 
3 7 . 4 8 
0 . 39 
MSE deno tes the mean sum of squared .e r ro r . 
F deno tes the test value . 
PR>F 
0 . 0001 
PR>F 
0 . 0 0 0 3  
0 . 5507 
PR> F denotes probab i l ity level at whi ch var i able is  
s i gni f i cant . 
. ' 
APPENDI X  B :  
Elect r i c  Vehicl e  Mo to r s  
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The key i tem i n  an elect r i c  veh i c l e  propu l s ion 
sys tem is the moto r ,  because i t  is the means by whi ch 
elect r i cal ener gy i s  conve rted to mechan i cal  ene rgy 
( Se cunde , et al . ,  1 9 8 3 ) . Elect r i c  veh i cl e  moto r s  can be 
separated into two broad class i f i cations : 1 )  d i r e ct-c u r rent 
( de )  types , and 2 )  alternati ng-cu r rent ( ac )  type s . Di rect 
cu r rent moto r s  a r e  des i gned to ope r ate f rom a de sou r ce , 
such as a batte ry , · and requ i re me chan i cal  commutato r s  and 
b r us hes . Al te rna t i ng cu r rent moto rs are no rma l l y  ope rated 
f rom an ac sou r ce , but in  elect r i c  vehi cles  are powe red f rom 
the batte ty by some type of dc-to-ac powe r i nve r te r . The 
advantages o f  a de propul s ion system are relatively mature 
techno logy , cont ro l le r  technology , high e f f i c i ency , and , _fo r 
the present , l owe r cost than an ac system . Di sadvantages o f  
the d e  system a re somewhat h i ghe r we i ght and b r ush 
ma intenance requi rements . The advantages o f  an ac sys tem 
us ing the squ i r re l-cage induction moto r a r e  low we i ght , low 
moto r cos t , s impl i ci ty ,  high e f f i c i ency , low ma intenance , 
and low sys tem cos t  i n  the long term . The ma i n  di sadvantage 
of the ac sys tem i s  that the powe r cond i t ioni ng te chno logy 
i s  in  the development s tage and i s  not .ready fo r production 
�nd wi de use ( Se cunde , et ·al . ,  1 9 8 3 ) . 
A )  Di r ect C u r rent Moto r s : Di r e ct c u r rent mo to r s  
have been u s e d  fo r many yea r s  in  indust r i al appl i cations , 
and the r e fo r e  the techno logy fo r �hese sys tems has be come 
relat ively matu re . Because o f  thi s , e lect r i c  veh i cle 
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propuls ion systems have i n  the pas t  almo s t  excl us ively used 
some form o f  de moto r .  
The va r i ety o f  de moto rs i s  extens i ve . A convenient 
metho d  of g ro uping is by exci tat ion means ( el e ct romagnet or 
pe rmanent magnet ) . E l ectromagnet i c  exci tat ion provides the 
main magnet i c  flux i n  the machine by means of  a wound f i eld 
and an exter nal sou r ce of  f i eld powe r . Pe rmanent magnet 
exci tat ion provides flux by means of pe rmanent magnets bu i l t  
into t he machine . 
1 )  E l e ct romagnet i cally excited moto r s : These a re 
the mos t  common type of  elect r i c  moto r s  i n  powe r r atings 
approp r i ate for elect r i c  vehi cl e propul s ion ( 5  to 4 0  . kW) . 
These moto r s  can be g rouped by f ield winding connect ions · as 
s e r'ies , s hunt o r  compo und moto r s . 
a )  Se r i es moto rs : In se r i es mo to r s , 
i s  produced by f ie l d  .windings that 
magnet i c  f l ux 
a r e  connected 
elect r i ca l l y  
F i gu re 1 7 . 
cros s-se ction 
moto r cu r rent 
in se r ies with the moto r a rmatu r e  as s hown in 
These windings cons i s t  of  few turns o f  
conducto r s  fo r low res i stance , s ince 




se r ies moto r i s  appro xima.tely propo r t i onal to the s qua re of  
the a rmat u r e  ( and moto r )  cu r rent . The s e r i e s  mo to r has 
excel l ent ove rload capab i l i ty ,  whi ch has made ·i t  popu l a r  in 
low speed elect r i c  veh i cle appl i cations . Fou r  t i mes rated 
to rque can be del i ve red with only do uble the r ated cu r rent , _ 
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and , fo r s ho r t  pe r iods , the s e r ies moto r can del ive r nea r ly 
ten t imes rated to r que . The se r ies mo to r has a tendency to 
acce l e rate to h i gh , usually des t r uct ive , s peeds if the 
mechani cal  l oad is disconnected without s u i table cont rol 
safegua r ds . The r e fo r e , this machine s hou l d  not be used 
without over speed protection in  systems whe re  dr ive l i ne 
b reakage i s  probabl e ,  such as bel t�d r ive systems o r  sys tems 
wi th cl utches . Cha racte r i s t i c  torque-speed and torque-
cu r rent cu r ves fo r a s e r ies moto r a re s hown in F i gu r e 1 8 . 
F i g u r e  1 7 . ·Se r ies  moto r 
elect r i cal  connections . 
F i gu re 1 8 . Typ i cal 
se r ie s  moto r o utput 
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Speed and to rque cont rol o f  se r i e s  mo to r s  i s  
obtai ned b y  varying the ave rage appl ied de vol tage . Th i s  i s  
no rmal ly accompl i s hed with a s i l i con cont ro l l ed rect i f i e r  
( SCR) choppe r .  Although SCR cont ro l l e r s  have high 
effi ciency , se r ies moto r s  cont rol l ed by SCR choppe r s  
gene ral l y  hav� a lowe r effi ciency than when ope r ated f rom a 
r ippl e- f r ee de supply ( Edie , 1 9 8 4 ) . Thi s  r educed e f f i ciency 
exi sts ove r  much of the moto r ope rat i ng range , as s hown in  
Figure  1 9 . 
F i gu re 1 9 .  Ef f i ci ency E 
losses i n  de s e r ies F 
moto r s  due to SCR F 
cont r o l l e r s  ( Edie , I 
1 9 8 1 ) . c 






s t r a i ght de 
SPEED 
In s hunt moto r s , the field 
windi ngs a re connected in  pa rallel ( shunt ) w i th the a rmatu re  
windi ngs , as s hown i n  F i gu re 2 0 . The se f ie l d  windings 
cons i s t  o f . many turns ·o f · smal l-diamete r conducto r to l imi t 
the amo unt o f  �u r r ent flow .  S i nce the cu r rertt f l ow i s  f i xed 
by the res i stance of the f ield , the f ie l d  f l u x  is also 
f i xed , whi ch produces a nea r ly constant speed throughout the 
moto r ope rat i ng range . Thi s  cons tant speed cha r a cte r i s t i c  
82 
i s  near ly i de al fo r powe r i ng hydrau l i c  moto r s  and powe r­
take-o ff s hafts ( Buck . and Hughes , 1 9 8 1 ) . 
F i g u r e  2 0 . Shunt moto r 




F i g u r e  2 1  s hows a typi cal set o f  s hunt moto r 
cha racte r i st i c  cu rves . The speed remains f a i r l y  cons tant 
through the full range of loads , and the refo r e  powe r i s  
nea rly l i ne a r  with to rque . To rque i s  app r o x imate ly 
propo r t ion�! to a rmat u r e  cu r rent , as i l lust r ated by the 
nea r ly s t r a � g ht cu r rent cu rve . One d i sadvantage of the 
s hunt moto r · i s  that very low to rque is ava i l able fo r 
starting heavy loads , as compa red to ser i e s  moto r s . 
F i gu re 2 1 . Typi cal 
shunt moto r outpu t 




- R R 
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Speed cont rol . o f  a s hunt moto r can b e  obtained f o r  a 
l imited r ange by add i ng a rheos tat o r  SCR to va ry the f ield 
cu r rent . Use o f  a choppe r to control s hunt moto r s  r esults 
in  an e f f i ci ency penalty s imi l a r  to that des c r i bed fo r 
s e r ies moto r s . 
One type o f  s hunt moto r whi ch has become popul a r  in 
elect r i c  vehi cl e d r ives is the sepa rately excited mo to r . 
Thi s  moto r ,  as the name impl ies , i s  a s hunt moto r with a 
sepa rate powe r s upply fo r field and armatu r e  w i ndings 
( F i gu re 2 2 ) . The s peed and to rque of these mo to r s  can be 
cont ro l l ed by varying e i the r a rmatu re  o r  f ie l d  vo l tage o r  by 
a comb inat ion o f  armatu re  ond f ield cont r o l . At low speeds , 
the moto r i s  e l ect r i cally conf igu red s imi l a r  to a se r ies 
moto r ,  to p rovi de h i gh sta r t i ng to r que . At h i gh speeds , the 
moto r i s  ope rated s imi lar  to a s hunt . mo to r , to ma intain 
speed throu ghout a w i de load range . A typi �al to rque-speed 
curve fo r a sepa rately exci ted moto r is shown in f ig u r e  2 3 . 
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c )  · Compound moto r s : Compo und-wound moto r s  tise 
both s e r ies and s hunt f ield windi ngs in  varying combinat ions 
fo r spe ci f i c  pu r poses  ( Fi gu re 2 4 ) . The s hunt f ie l d  l imi ts 
ove rspeeding and the s e r ies f ie ld provide s  good s ta r t i ng 
to rque . The charactei i s t i cs of this moto r depend on the 
balance between s hunt and se r ies f i e l ds . F i gu re 2 5  s hows 
typ i cal cha racte r i s t i cs of a compo und moto r w i th an equal 
balance o f  s hunt and s e r ies windings . Thes e  moto r s  are  
- o ften used fo r hyd r aul i c  sys tem dr ives ; because o f  the i r  
favo r ab l e  to r que-speed characte r i st i cs . Compound moto r s  
have not found w i de appl i cation fo r vehi cl e propul s ion , 
howeve r ,  because cont ro l l e r s  are cumbe r some and compl i cated . 
Advanced cont r o l s  f_or compound moto r s  have been developed , 
but these cont r o l s  are  prohibi tively expe ns i ve and need 
fu r the r devel opment . 
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2 )  Pe rmanent magnet exci ted moto r s : 
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Pe rmanent 
magne t ( PM )  mo to r s  can be cons ide red to be s imi l a r  to 
separately excited s hunt moto r s  in  whi ch the f ield 
excitation leve l  i s  f i xed and provided by pe rmanent magnets . 
Speed and to rque o f  these moto rs are cont r o l l e d  by means of 
� r�atu re · vo ltage cont ro l . Typi cal to rque-speed l ines fo r a 
PM motor a re s hown in  F i gure 2 6 . Since f i e l d  �owe r does not 
have to be s uppl ied f rom an outs ide sou r ce , PM moto r s  can be 
expe cted to be mo re effi cient than equ ivalent _ 
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elect romagnet ically exci ted moto r s . The r ecent ava ilab i l ity 
of rare  earth-cobalt magnets has allowed r easonably s i zed PM 
moto r s  to be des igned in a powe r range compa t i ble with 
elect r i c veh i cl es . Howeve r , these moto r s  need f u r ther  
development bef o r e  the i r  appl icab i l ity to e l e ct r ic veh icles 
can be fully asses sed ( Secunde , et al . ,  1 9 8 3 ) . 
F igure 2 6 . Pe rmanent 
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B )  Al te rnat ing Cu r rent Moto r s : In gene ral , ac 
moto r s  are lowe r in cost than de moto r s ,  and a re · mo re 
e ff i c i ent and mo r e  rel iable . Because they do not have 
commutato r s , ac moto r s  can be de s i gned f o r  h i ghe r speeds 
than de moto r s , and can the refore be cons ide rably s�a l l e r  
f o r  the same powe r rat ing . Howeve r ,  ac moto r s  have been 
l imited in mob i l e  ·appl i cat ions , due to �ont rol d i ff i cul t i es . 
Advances · in semi conducto r powe r el ect ron i cs t echnology i n  
recent yea r s  have made ac moto rs  a mo re viabl e  cand i date for 
nea r -fut u r e  propul s ion se rvice ( Secunde , et a l , · 1 9 8 3 } .  
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In ac elect r i c  vehi cle propul s i on , a t h ree�phase 
" squ i r re l-cage " moto r is gene rally used . St ructural ly ,  this 
moto r is the s impl es t , most r ugged and mo st  rel iable 
rotating machine avai labl e ( Ca r lson , et  al . ,  1 9 8 1 ) . The 
induction moto r de r i ves  its  name f rom - the fact that cu r rents 
flowing in  the seconda ry membe r ( roto r )  a r e  induced by ac 
cu r rents f lowing in the pr imary membe r ( s tato r ) · . The 
inte ract ion between the elect romagne t i c  effects o f  the 
s tato r and roto r cu r rents produce the fo r ce to c reate 
rotati on ( Co l l ie , 1 97 9 ) . Characte r i s t i c  c u r ve s  o f  the ac 
squ i r r el cage moto r are s hown in Figure  2 7 . 
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S ingle phase ac moto rs are gene rally not used for  
vehi cle p ropuls ion· because o f  the i r low s ta r t i ng to r que and 
need fo r spe cial s ta r t ing ci rcu i ts . Al so , s ingl e-phase ac 
moto r s  are gene rally larger and heavier  than equ i val ent 
po lyphase moto r s .  Three phase ac i nduction mo to r s  have 
become · the s tandar d  in  i ndustry be caus e  
improved and the ph�s i cal s i ze and cos t  
moto r s  a r e  l e s s  ( Ca r lson , et al . ,  1 9 8 1 ) . 
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e f f i c i ency i s  
o f  three phase 
Two o the r ac  moto r sys tems whi ch me r it attent i o n  are 
the pe rmanent magnet ( PM )  synchronous moto r and the 
unexci ted synchrono us , o r  rel uctance moto r .  The PM moto r 
prov i de s  bette r speed cont rol and bette r e f f i ci ency than the 
squ i r re l  cage moto r , with s imi lar  cont rols .  The reluctance 
moto r could be a s imple , low-cost P.ropuls ion moto r i f  i t  and 
i ts cont rols · a r e  adequate ly develope d .  I n i t i al wo r k  has 
i ndi cated that the reluctance moto r system can be oe s i gned 
to provide pe r fo rmance s imi l a r  to an induction mo to r system , 
but with s imple r  ha rdwa re ( Se cunde , et al . ,  1 9 8 3 ) . Mo re  
development . i s  ne�ded , howeve r , befo r e  t he t r ue me r i ts of 
these two moto r sys tems can be demonst rated . 
